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Based on t h e  r e s u l t s  o t  t h i n - u  t e s t s  b o t h  the  10KW and 200 KW t r a n s f o r me r s  w i l l
be p ie r a t h e r  t h a n  l ay e r  wound. A 10KW transformer ri - t 1f  iu r s y s t e m  is pr - s i - i i l . I -

b e i n g  i n t e g r . u t t d  w i t h  a b r e a d b o a r d  i n v e r t e r  f i r  f i n a l  vo n  t i l ’at  i n .

D u r i n g  t l i ,  f i r s t  h a l t  of t h i s  p r o g r am , a n u m e r i c a l  ~i e t 1 i ’d w as  deve loped  f r
tilt so! ut  n on  ‘f t h e  n on l  i n ea r  I u imp ed pa r un /u t ( r t r a n s f o r m e r  mode l  . T h i s  model
was developed unde r  t i e  p r e v i o u s  c a n t  m e t , h u t  no s ta b l e  s o l u t i o n  had been f o u n d .
T h u t  p r e s e n t  s o l u t  ion  i s  t m  a r i -s 1st  ive load and  work  is  c o n t i n u i n g  t I  i n c l u d e ’
l eakage  i n d u c t a n c e , shu n t  c a p a c i t a n c e ’ , and an a r b i t r a r y  load impc~~ae - KV . The
presen t  p ro p r am  has  b e E n  imp l e m e n t e d  on t h e  liP 9830 m a c h i n e .

As m e n t i o n e d  above , p ie  w o u n d  t r V l n s t I ’ r r n e r  d e s i g n  p rog rams  hav e  been w r i t t e n .
These are f o r  i n t e r a c t  ly e  d e s i g n  on t h e  HP 9830 and ar e  no t  self  o p t i m i z i n g
r o u t i n e ’ s .  A d e c i s i o n  s h o u l d  he m ad e  I s  t t h e  u l t i m a t e  a p p l i c a t i o n  of t h e se
p r o g r a m s  b e f o r e  a d e c i s i o n  w I ’ ’ t h e r  or / 1 1 1  t o  i m p l e m e n t  t h e m  on t h e  CDC (, I1d~ ) 

-

The m a t e r i a l s  s t u d i e s  s u p p o r t  of t h e ’ 200KW t r a n s f o r m e r  t a sk  a r e  comp l e t c i  -

wi t Il e x c e p t i o n  I l l  e ’v a lu a t i o n  of  s n/u of t h e  n e w e r  f l u o r i n e  based d i e l e c t r i c
f l u i d s .  P r e l i m i n a r y  desi gns i n d i c a t e  s p e c i f i c  wei gh t s  in t i l e  n e i g h b o r I ;~’od 0/
0 .05  lb / K V A  f o r  t hese  t r a n s f o r m e r s .  C o n s i der a t  ion is p r e s e n t l y  b e i n g  g i v en  1 1
i n c r e a s i n g  the operating temperature in order to reduce heat exchanger weight.

In  suppor t  of t h e  gene ra l  m a t e r i a l s  s t u d i e s , s e v e r a l  im p r o v e m e ’n t s  wi r , ’
in  the magnetic core model which permi t accurate simulati on of hyst eresis and
I—V curve’s for most core materia is. The model has N ,t~ u n / p u  r d  to i x  1st I ng
models and found to he superior in both simp li e it -v and accuracy in all cases.

P e n / t o u t e r  aided design of transformers is faci Ii t o t , - i  through two t r V l n s —

hr :~m ur design optimization programs , TRANSOP and TDOP2. Additional work is

V pl anned to improve their versatilit y and usefulness by in cludin g some of til t ’
l i - w e r t r i m / s t  ~rn/er configurations , i.e. , p ie windi tugs and m a g n e t i c  s h u n t s .
Imp r ’v~’men ts in ea se of  u t i l i z a t  io n , com p u t a t i o n a l  e f f  j u l  , - m i v and  d o c u m e n t a t  ion
a lt ’ ii so p 1 u n t i c d .
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SECTION II

Introduction and Summary

Thermal Technology Laboratory , Inc. under the
USAF Contract F33615-75-C-2014 is performing a
comprehensive analytical and experimental program to
develop design techniques , experimental high power
low specific weight transformer systems , and high
power lightweight DC to DC converter system test beds.
The effort consists of the following : (1) the
development of a 10 KVA inverter transformer suitable
for developmen t elsewhere of experimental converter
circuits and systems . (2) the refinement of the real
time models and computer design optimization programs
for inverter, pulse , and sinusoidal waveshape transformers ,
(3) the development of two experimental 200 KVA iruverter
transformer systems , (4) the design , fabrication , and
testing of two 200 KVA converter system test beds .
(5) the design and fabrication of a high voltage non-inductive V

load for testing the converters. These tasks are
summarized below.

In Task 1 , a ten (10) KVA experimental inverter
transformer has been designed to Government furnished
requirements , assembled , and subjected to preliminary
tests. A second set of windings have been orc . ided for
experimentation and the computer program is being modified .
to correlate with the measured electrical performance
of the transformer.

In Task 2 , the inverter , pulse , and real time models
of the transformer are being refined by generalizing the
steady state and real time models~ determining and
implementinq a proqram procedure which will accomodate
both models; developing an improved computer aided system
f~ r design optimization , and proqraminq on site the
WPAFB CDC 6600 computer.

In Task 3 , two 200 KVA inverter transformer systems
will he designed . fabricated and tested in conformance
with requirements provided by the Government . Materials
compatainility tests will be conducted and sorcial coolinq P
systems designed to match the transformer parameters.
One transformer will he desiqned to work with SCR type

-
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inverters  and the other designed to work with plasma
switch inver te rs .

In Task 4 , two comp lete operational 200 KVA converter
test beds wil l  be designed , fab ricated , and tested in
accordance with the requirements to be provided by the
Governme nt .  One converter wil l  u t i l i ze  SCR ’ s and the
other plasma switches. A packaging philosophy wil l  be
developed and implemen ted in the electrical , thermal ,
and mechanical designs. Emphasis will be placed on
safety, minimum weigh t , thermal and electrical performance.
A detailed tes t plan wil l  be submitted prior to testing .

In Task 5 , a noninduc tive load for testing the
converters wil l  be designed , fabricated , and tested . The
load will  be designed to minimize changes in performance
due to varying duty cycles and input powers. Safety , and
electrical and thermal performance will be emphasized .

Summary

Several major developments have occurred in this
program . As is often the case in research , they did
not occur exactly in accordance with the original plan.
The total program however is essentially on schedule.

New techniques for fabrication of pie wound
transformers were developed which yielded superior designs.
This development was followed by the development of computer
aided design programs for pie wound transformers. Several
10KW transformers have been fabricated and subjected to a
variety of tests. Based on the results of these tests both V

the 10KW and 200 KW transformers will be pie rather than
layer wound. A 10KW transformer rectifier system is
presen tly being integrated with a breadboard inverter for
final verification .

During the f i r s t  half  of this program , a numerical
method was developed for the solution of the nonlinear
lumped parameter t ransformer model. This model was 

V 
- ~~ L*fl1 J, ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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developed under the previous contract but no stable
solution had been found . The present solution is for a
resistive load and work is continuing to include leakage
inductance , shunt capacitance, and an a rb i t ra ry  load
impedance . The present program has been implemented on
the HP 9830 machine .

As mentioned above , pie wound transformer design
programs have been written . These are for interactive
design on the HP 9830 and are not self optimizing routines.
A decision should be made as to the ultimate application
of these programs before a decision whether or not to
implement them on the CDC 6600.

The materials studies support of the 200KW t ransformer
task are completed with exception of evaluation of some
of the newer fluorine based dielectric fluids. Preliirinary
designs indicate specific weights in the neighborhood of
0.05 lb/KVA for these transformers. Consideration is
presently being given to increasing the operating temperature
in order to reduce heat exchanger weight.

In support of the general materials studies , several
improvements were made in the magnetic core model which
permit accurate simulation of hysteresis and I—V curves
for most core mater ia ls .  The model has been compared to
existing models and found to he superior in both simp l ic i ty
and accuracy in all cases.

Computer aided design of transformers is facilitated
through two transformer design optimization programs ,
TRANSOP and TDOP2. Additional work is planned to improve
their versatility and usefulness by including some of the
newer transformer conf igura t ions .  i . e . ,  pie windings  and
magnetic shunts. Improvements in ease of utilization ,
computational e f f ic iency  and documentation are also planned .

3
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Technical Discussion

3.1 Summary of ~~~~ iiities of oriqinal proqram (TRANSUP )

The oriqinal computer program developed under Contract
F33615—72-C -1944 for computer aided transformer design
optimization was documented in report No.  AFAPL -TR - 75-15 ,
Vol~~me II, Final Technical Report on Development of
Ligh tweight  T r a n s f o r m e r s  for  A i r b o r n e  Hi gh Power Supp lies ,
Computer  Users  Manua l  . The p rogram consisted of a
procedure , FUNCTION TDP , and i t e  associated subrou t ines
and f u n c t i o n s ,  which de termined  a cons i s ten t  set of
dependent des ign  paramete r  va lues  f o r  a g iven set of
independent  design paramete rs .  In addi t ion , the prcgram
conta ined  a d r ive r  procedure , PROGRAM TDPLOT , to aid in
op t imiz ing t r a n s f o r m e r  desi gns .  Th is procedure read
control  and independent  design parameter  va lue  da ta  f rom
an app ropri ate input  f i le and genera ted  correspondinq
outputs .  The outputs  are in the form of 3 -d imens iona l
l ine p r in t e r  andior  Cal-Comp plots of the user de f ined
object ive func t ion  versus two of the independent  design
parameters being optimized . Also , a l i s t ing of the f i n a l
(opti m i z e d )  t r ans fo rmer  design parameter  values are
computed by FUNCTION TOP . A procedure, PROGRAM TERNOP ,
was developed to facilitate utilization of PROGRAM TDPLOT
from a remote time share te rminal .  This program prompts
for  appropriate f ree  format ted control and independent
design parameter  data input  and generated the necessary
control  and input data card images on a f i l e  for  submission
to the REMOTE INPUT FILE as an INTERCOM BATCH j o) . Ou tpu t
r e s u l t i n g  f rom execution of PROGRAM TDPLOT as an INTERCOM
BATCH job can be l is ted  at a remote t ime share terminal  or
ROUTED to a hatch site printer.

FUNCTION TOP des igns  3-phase layer wound , vapor iz a t i on
cooled rectanqular-crossection , C-core transformers. The
user must specify: (1) the conductor cooling rates or
standard wire gauge ( A W G ) ,  ( 2 )  core laminat ion  width ,
(3) core lamination thickness, (4) core lamination
i n s u l a t i o n  th ickness ,  ( 5 )  number of ins ide  core l a m i n a t i o n s ,
( 6 )  number of outs ide  core l a m i n a t i o n s ,  ( 7 )  i nsu la t ion
dielectric strenqth . (8) delta or wye connec t ed pr imary
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and secondary windings.  ( 9 )  the number of inside
secondary winding layers , (10) coolant boiling
temperature . (11) coolant vapor iza t ion  cooling
coefficient and exponent , (12) conductor insulation
thicknesses , (13) insulation thermal resistivity
coefficien ts , (14) resistivity temperature coefficients
and zero ~cq ree centigrade r e s i s t iv i t i e s  ( 15) core spacing
factor , ( 17) densit ies, (18) pr imary and secondary ,
line—to-line full load emf, (19) operating frequency .
(20) coolant heat of vaporization , (21) hysteresis dissipation
coefficient and exponent for the Steinmetz relat ionship,
(22 )  maximum number of convergence i te ra t ions ,  (23 )  lul l- load
output power , (24) eddy—current dissipation coefficient,
(25) core saturation flux density, (26) cooling spacing
factors , (27) minimum spacings, (28) enclosure thickness ,
(29) enclosure cooling rate , and (30) whether conductors
are cooled on both or one side. The function initially
assumes that the transformer e f f ic iency  is 100% and
iteratively converges on the actual efficiency to within
a specified error. The function then computes the
remaining 300 t ransformer  design parameters .

The major  advantage of the TRP.NSOP program is i ts
ability to provide visual information on parametric
relationships in the form of plots. Another useful
capabili ty is its ability to consider non standard
t ransformer  designs having different size inner and outer core
leg cross-sectional areas and d i f f e r e n t  inner and ou te r
core leg winding wire sizes. The large number of parameters
make it possible to consider and analyze many other
transformer design parameter characteristics .

Unfortunately , such detail makes the program quite
large with a tendency to he time consuming and laborious
to utilize. This subsequently lead to the development of
much simpler and easier to use interactive programs in
HP -BASIC to run on an HP- -9830 A proqrammahle c a l cu l a to r .

5 
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3.1.2 New Transformer Design Optimization ,
Program II (TDOP2)

A second transformer design optimization program
(TDOP2 ) has been implemented on CDC.—6000 series computing
systems in Extended FORTRAN . This is a translated and
highly modified version of a simpler and correspondingly
less versat’k program previously implemented in BASIC on
an HP-9830. ¶F DOP 2 allows ranging of specif ied transformer
parameters over specified ranges (e.g., core area , conductor
size , number of primary and secondary layers, etc.) For
each combination of ranged parameter values (along with
the fixed input parameters) , the program computes the
design properties of a transformer by means of an iterative
convergent efficiency computation . In addition , bounds
may be set on derived transformer parameters (e.g.,
minimum efficiency . maximum per unit resistance and
reactance , one or more physical dimensions, etc.).

3.1.2.1 Transformer Design Capabilities

Transformer design parametric relationships incorporated
in to TDOP2 include:

Leakage Inductance

A standard approximation for calculating leakage
inductance L of a transformer , referenced to a secondary
winding of N turns is:

L 32M C N 2
J

/
~~~

2 /O 9 (,r ~d + t/ 3)  henries ( 1)

where
N = Number of turns in secondary winding

Mc = Mean circumference of primary + secondary winding (inches)
1 Height of cylinder type coil ( inches)
n Number of interleavings of primary and secondary layers
d Distance between primary and secondary layers ( inches)
t Primary + secondary winding thickness (inches)

This formula has been verified for accuracy in previous
transformer designs, and is used in the program .

6 
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The corresponding leakage reactance in ohms, XL, is
given by:

XL = - 2 r r /~L (2)

where f = operating frequency , Hertz

The leakage reactance on a per unit basis, XL is
given by:

3XL 1s
2
/Po (3)

where I~ = secondary winding current, ohms
P0 = output power, watts

In general, the leakage reactance of most designs
could be maintained at about 0.02-0.03 by maximizing the
number of interleavings, n

Per Unit Resistance

The program computes the total dissipation (copper loss)
in watts per coil by

P c~~ Ip 2 Rp 1I .s
2
Rs (4)

Where I~ = primary winding current , amperes
R~ = primary resistance , ohms

secondary winding current , amperes
R5 secondary resistance , ohms

The computed resistance values include both AC
resistivity and temperature coefficient of resistivity
effects.

The per unit resistance , R , is given by

R~~ 3P~/R~ 
( 5)

7
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In general, as the unit surface cooling rate
increases, the per unit resistance increases. A
limitation on maximum per unit resistance can prevent
utilization of very high unit surface cooling rates.
This factor can lead to the ultimate selection of
forced oil cooling over vaporization cooling, when
very high unit surface cooling rates are not required.

Primary-to-secondary interleaving

The primary effec t of an increased number of
primary to secondary interleavings is to reduce the
leakage inductance. The program assumes that for a
given number of primary and secondary layers, the
coils will be arranged so as to maximize the number of
interleevirigs.

AC Resist ivity Ef fec t s

As conductor diameter and operating frequency increase ,
skin effe cts become more pronounced. The net result is
that for a given conductor diameter , the apparent resistance
of the conductor is greater at high frequencies than the
D. C. resistance . The published tabulated data for this
AC resistivity increase were fitted to the equation

RAC/ ROC = 0.9908 + O./76 8 [(
~ 

-2./I) + ~/ ~~~2.ll)2 +&263 ‘1 (6)

where
RAC/RDC = resistance ratio , AC to DC

x 0.271767 d ~T (for copper conductors only)
d = conductor diameter, inches

V 
f operating frequency , hertz

The relationship is theoretically valid only for
isolated conductors, but it has been applied to the side-
by-side conductor situation existing in a transformer coil.
The effect has been included in the program .

8
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Duty Cycle

Duty cycle has a s igni f icant  e f f e c t  on the choice
of cooling system and the resu l tan t  overall system size
and weight. For very low duty cycle operation an
adiabatic system (no explicit’ cooling system) can be
constructed with adequate thermal capacity and with
reasonably sized cores and conductors. Because there
are no external cooling system components , this system
can have decided size and weight advantages. Such a
system , however, may not meet higher duty cycle requirements
and active cooling systems would have to be employed . The
effects of thermal capacity on necessary cooling rates is
considered in the program for any noncontinuous duty
transformer.

Load Voltage

The necessary full load secondary rms line-to-line
emf is equal to 0.74 for a Three-Phase Bridge or 1.11 for
a Single-Phase Bridge times the average bridge rectifier
dc output emf divided by the cosine of the value of .694
times the commutation overlap angle , i.e.

~~~ 
_0 .74 *~~f ,/cos (

o. 6 94 *~~) 3-P N~ls6 (7a )

= / / /  * E~~/co.s (o.~ 94 * o~ )  / -PNASE (7b)

where
E SL and E0 are in equal uni t s  and °~. is in radians.

The full load secondary rms winding emf is equal to
the line-to-line emf for single-phase and 3-phase delta
connected secondary and to the line-to-line emf divided
by the square root of 3 for a y connected secondary . i.e.

9

- -  - V .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- V - V .—



- - — ~~~~~~~~~~~~~~~~~~~~~~ - -.w~~
-, .~~~ - — -~~~~~... . -_.- , -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ -~~,.-~~-----

I
= : ~~ s/N6/E PHASE (8a)

(8b )

Load Current

The secondary rms line current is equal to 0.816
for a Three-Phase Bridge or 1.00 for a Single-Phase
Rri.dge times the average bridge rectif ied dc outpu t

-~irrent times the rms load current waveform factor, i.e.

-TSL 
= 0.8/6 *1 * 3-PHAsE (9a)

— 

‘SL = ~~~~ ~z; * ,ç ,-pIv~~~~
- (9b)

wh ere

‘SI. and 10 are in equal units and
FL 1.11 for half wine wave load current waveforms

= 1.04 for semi square wave load current waveforms
1.00 for a constant DC load

The rms secondary winding current is equal to the
rms line current for Single-Phase and 3-Phase wYe connected
secondary and to the rms line current divided by the square
root of 3 for a delta connected secondary , i.e.

.r5~ 
= : \( (10 a)

= I S L/ ~~~ : ~ (lob)
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3.1.2.2 Surface Coo1in~ Rates & Cooling Sys L~V -1n

Descriptions

Atta inable  su r face  coolir~q rat es  (cores,  condu ct ~~i~~ ,
recti f iers pla tes) are a f unc t ion of the cool ing sys tem
under consideration .

Three basic methods of cooling can he specified .
Natural convection cooling relationsh ips are presently
not included in the program. The ra te of hea t removal
by liquid natural  convection is very low (on the orde r of
0.1 watts/(sq.in-C). A brief description of the physical
aspects of each system fo l lows .

Vaporization Cooling

In a vaporization cooled transformer , the coil
assemblies are formed in concentric layers, with annular
cooling passages between layers. When immersed in a low
boiling poin t coolant , such as Freon 113 or 3 M’s FC 78 ,
the Joulean heat raises the coil tempera ture, the coolant
at the coil surface boils, and the vapor escapes through
the cooling passage by natural bouyancy forces. The h e a t
of vaporization of the fluid , combined with the ag itation
resulting from vapor bubble flow , results in the capal ility
of extremely high heat tran sfer  rates at the conduc tor
surface. The generated vapor must either be expended or
condensed and returned to the system. Cost , log istic , and
environmental conditions must he considered . The volume
and weight of a condenser whose capacity matched the on
time dissipation rate would generally he large , even if
thermal capacity is included . The use of a smaller
capacity condenser (one whose capacity equals or exceeds
the dissipation rate averaged over an entire cycle ,
including off time) requires a vapor storage facility .
An accumulator could be used for this purpose , maintainln4
an essentially constant pressure system , but the vapor
generation rate generally requires too great a volume
to be pract ical .  For examp le,  a 3 MW t r ans fo rmer  d i s s i p a t i ng
45 KW (98.5% efficient) using an Fl13 vaporization cooling
system would generate approximately 22 cubic feet of vapor
during each 15 seconds of opera tion , ignorinq thermal
capacity effects and heat transfer to the environment.

11 
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The alternative to a constant pressure accumulator
coolinq system is a constant volume system , wherein the
s ’stem vapor pressure is allowed to vary with the fluid
temperature~ that is, the system pressure is always the
vapor sa tu ra t ion  pressure corr espon d ing to th e f lu id
temperature , and incipien t boil ing conditions always
prevail. The physical housing of such a system including
the case and all case seals, penetrations, and gasketed
io in t s,  must  he designed to wi ths tand  the maxim um in ternal
pressure an~:ict})ated , as well as the possib i l i ty  of negat ive
internal  pressure during low temperature non—opera t ing
conditions.

Vaporization cooling is capable of unit surface cooling
rates of 1.0 to 50.0 watts/(sq in-C). Use of the higher
end of the range of cooling ra tes available wi th this
system may lead to system e f f i ciencies below the min imum
acceptable value for some appl icat ions .  Consequently,
f u l l  use may not be made of this cooling capability to
achieve minimum size and weigh t .

Adiabatic System

An adiabatic system relies solely on the thermal
capaci tance of the system elements to absorb the dissipa ted
heat without  excessive temperature  rise . No explicit  heat
t r ans fe r  to the environment  is inc1uded~ rather , It  is
assumed that  the o f f  time between opera ting intervals is
long enough to ensure stabilization of the equipment at
or near amb ient temperatures prior to the next operatinq
interval, by na tural modes of conduc tion , free convection ,
and radiation .

The obvious advantage of the ad iabatic sys tem is the
weight  and vol ume saving associated wi th the absence of
any explicit  cooling system . Conductor sizes in adiabat ic
systems tend to he larger than those in systems employing
explicit cooling means, the overall weigh t of the transformer
is greater , but  system weigh t can be less , since a cooling
system is not requ ired. Rec t i f iers in an adiabatic sys tem
must be provided with a hea t absorbing sink in the form of
a metal  plate of s u f f i c i e n t  thermal capaci ty .

12
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Surface cooling rates are so low that for practical
purposes, they may be assumed to be zero . Dissipative
elements must be designed to have s u f f i c i e n t  thermal
capacity to absorb the generated heat  dur ing an operating
interval with an acceptable temperature rise. These
systems are generally suitable for total on time within
an operating interval  of about 60 seconds or less. The
time between operating intervals must be on the order of
24 hours or more to allow a sufficient cooling down period .

Forced Liquid Cooled Systems

Forced oil cooling systems provide a compromise
between vaporization cooled systems and adiabatic systems.
Vaporization cooled systems provide a very high heat
transfer capability, but require a cooling system
carefully designed for each application . Adiabatic
systems provide a very low thermal capability , but do so
with extreme physical simplicity. Forced oil cooled
systems provide a moderate thermal capability , using
cooling system components which are usually somewhat smaller
than for vaporization cooling but also require a pump and
motor. The tradeoffs must be evaluated .

A for ced oil system is physically similar in
construction to a vaporizatinn cooled system , al though
actual dimensions may differ. Coil assemblies are formed
in concentric layers, with annular cooling spaces between
layers. The coolant is an oil chosen on the basis of
thermodynamic properties, dielectric breakdown characteristic ,
cost and availability , and other pertinent factors. The
coolant is forced through the cooling spaces by an external
pump . The t ransformer design must min imize  f low paths
in parallel with the cooling spaces and must ensure an
adequate oil flow velocity in each channel and in all
portions of a given channel.

Forced liquid cooling is capable of unit surface
cooling rates of 0.1 to 1.0 wat t s /(sq  in 2 C ) ,  dependent on

the- thermodynamic properties of the fluid coolant and 0fl

the coolant velocity. Coolant flow rate must be correlated
with the head-flow characteristics of the available pumps ,
and with total system pressure drop , including external
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heat exchanger. The available cooling rates for moderate
flow rates of a typical transformer oil can be compatable
with the required system characteristics and minimum
weight and volume.

Forced Air Cooling

Forced liquid cooling relationships are also
characteristic of a forced gas cooled system when gas
compression is not signif..cant.

Forced air cooling , using ambient air blown through an
open coil transformer structure and an open rectifier bank ,
can achieve cooling rates in excess of 0.1 watts/ (sq in-C) ,
and requires only a blower and filter as an external
cooling system. When very high voltages are involved .
this €ype cooling system may not be acceptable on the
basis of safety and contamination with subsequent breakdown .

3.1.3 Transformer Design Optimization Function
Considerations

The obvious and usually specified objective function
for a design optimization is the transformer weight. This
specification usually arises because the design optimization
of the overall system is broken into sections which include
the design optimization of subsystems with the transformer
being treated as an individual component whose weight adds
to the total weigh t of the system. Therefore, by
minimizing the weight of each subsystem component the
overall system weigh t would be minimized . It is believed
that the preceeding is not necessarily a valid assumption . - 

-

It appears that if a minimum weight optimization of the
overall system design is carried out on the overall
integrated system , the resulting optimal transformer design
may not be a minimum weight transformer. Therefore ,
transformer weight is not necessarily a suitable transformer
design optimization objective function in itself.

14

~ V.~ V.~ V.~ V - V. - ~~~~~~~~~~~~~~~~~~



SY S L t I U S  U~~SL (~Ut~U LU W~~LL~[1 ~A 1e ~r a n sr o r m er  p ar amete rs .
One transformer will he desiqne’d to work w i t h  SCR type

1

To support the preceding statements and derive a
suitable objective function for minimizing the overall
system weight , the following general analysis of a
representative system is presented .

Source Sub-system 
~
, J Load

I Wc, Cc~
7’
~c 

0 WL, CL,?1 L

Heat Sink
WH, ~~~~~~~

Fig. 3-1

Minimum Weight System Block Diagram

Fig. 3- - i is a block diagram representation of a
sub system interconnected to the remainder of a system
whose overall weight is to be minimized , where:

P1 = input power to sub system
P0 = useful output power from sub-system

= sub system power losses

= weight
C~ = specific weight

= efficiency

X5 = source
X~ sub system (component)
Xj, = load
XH = heat sink

The total system weight WT is equal to the sum of the
weights of the sub systems , i.e.

Z W~ + + * W /? (11)
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Substituting for the sub-system weights their corresponding
specific weight and power , i.e.

W~~c*P (12)

We can rewrite the system weight relationship in terms
of specific weights , i.e.

Wr Cs * P1 + C~’ ~ 
P~ + CL * ~0 + CH * (13)

Rewriting the input and loss power in terms of the output
power and sub system efficiency , i.e.

p - P / b  (14)

‘~L ~ ~~~ 
(15)

Substituting , the total system weight equation now
becomes

( 16)

Dividing through by the sub-system output power we have
a resulting relationship for the specific weight of the
total system , i.e.

= ~~ ~cC +cL ÷ c H * (?IC — I) (17)

The individual specific weights can he represented as
ratios of the specific weiqht of the sub-system of
interest, i.e .

C~ R5 ~ C~ (l 8a)
CL. R~ (l8b)
C.~,4 ~~~~ ~~~ 

(l8c)

16
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The spec i f ic  wei gh t  of the to ta l  system can now
he specif ied in terms of the specif ic  weight and
e f f i c i e n c y  of the sub-system of i n t e re s t  and the ra t io
of all other specific weights to i t  i.e.,

R5 C~ ± + RL ~~ 
+ R/? C~ ~~ 

+ (19)

Factoring out Cc:

C7. c c * (
~ RL - RH + + I (20 a )

= 

~~~~~~ 
( R~ + R~ ÷ ~~~~~~ (i + RL -RH)) (20h)

This relationsh ip can be used as the objective function
for the design optimization of a sub-system (component)
in a minimum weight system . The objective function can
he simplified if certain relationships exist.

IF * R~ 0 OR R~ + R~ <<< / ~ ~ L ~~~~~ 
(2 l a )

THEN CT O(. C~
Cc

or IF R5 + R/? >> I i~ RL R~ 
THEN C ,- ~ ( 2 l b )

Whe n l i t t le  or no informat ion is available on the speci f ic
weight ratios it is felt that the later simplified objective
function gives a more suitable optimized sub-system design
than the former simpl i f ied  objective func t ion .

Therefore , in the design optimization of a transformer
or transformer-rectifier system as a sub-system in a
system whose total weight is to he minimized , it is more
desirable to use weight divided by efficiency rather than
j u s t  weigh t as the design o p t i m i z a t i o n  ob jec t ive  f un c t i o n .

17
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In general the pre~ ~i r~ statemen t says that. i~ is
desirable to maximize efficiency at t h e  same time w e i ; h t
is being minimized . In maximi zing e ff i ’ i e n c ~ ’ . losses ar~
being m i n i m i z e d , and there t~~re we sholid La able ~o res~~~t~
our objective as the desire to minimize losses and w - i ( c L .
The two relationships are not identical as they possess
different weightinqs as is indicated in Fi~~. 3-2. The
latter , W (l- )~i ) ,  favors higher effi iency and weight whilt-
the forrner~~ favors lower efficiency and weigh t . The
difference arises from the fact that as (1 ~~ ) goes
from 0 to 1; * ~goes from 1 to ~~ . As the system analysis shows
to be the optimization functi -n for minimi zin : total

system weigh t, then a sub system optimized usin : the
oh ioctive function C (1 -)~~) wi l l  nOt. yield the desire~
results i u ~ rather one that favors higher efficiencies
a’~ ~he oxoence of higher total system weiqht .

3.1.4 Sample Run and Flow Chart

Listing 1 presents a sample run . A user flow chart
is presented in Figure 3 — 3 .

Ei±~ 
)

- - - -

~~~~~TE RMINE INPUT DATA -
PA RAMETER VALUES

SEARC H DESiGN ~~~~~~~~~~~~~ 
YES

TO LARGE — — — —

[~
TTACH INITIAL DATA SET

[~~
TACH & EXECUTE TDOP2 ]

~
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Figure 3-3 (continued)

LIST PARAMETER DEF.
AS READ IN FROM

YES INITIAL DATA SET 
NO

ENTE R Y” ENTER ‘N ’

CHANGE/ENTER 
SF IXED INDEPENDENT YE 

ENTER:
PARAMETER VALUE PAR.#, VALUE

- 

NO

ENTER: 0,0

V.,,.

?

ENTER OPT IMIZABLE ~~s 
ENTER: PAR. *,

PARA METER DAT INITIAL VALUE ,

NO F INAL VALUE,
# INCREMENTS

ENTER: 0,0,0,0,0

ENTER OPTIMIZATION ~~s 
ENTER: OBJECTIVE

FUNCTION DATA

NO

L~TER: o , ô]

ENTER : RANGED PAR. 4~,
_~~~~~

V ENTER MULT IPLE LISTED DESIGNS~~—. INITIAL VALUE,
—.~~j NDEP. PAR. RANGE DAT~~~—~~~~~ INCREMENT ,

F INA L VALUE ,- 

# INCREMENT S
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Figure 3-3 (continued)

[ENTER: 0,O,0.ö7ö~j

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CONSTRAINT BOUND - -

~~~~~~~~~ BOUND VALUE

~~~~~~~~

~ENTER: 0,0~ OJ

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

[~~wr~~ ~J

CONTINUE WITH ADDITIONA NO LOGOUT
ESIGN COMPUTATION - - -

YES

SUFFICIENT EXECUTION T IME L000UT
LEFT

YES C

REW IND ,TAPE1,TDOP2

[EXECUTE TDOP2

21 



___ V. ~~~~~~~~~~~~~~~~~~~~ -— V . - _ . - - - -- - ---- ~V.~~~ _V._V.~ V.~~~ VV-V. V. V.VV V.— — - - - V- V -- ~~~~~~~~~~~~~~~ -~~~

Listing 1

-I ’ L l
- LV I I  I.. - -

LI ~~~~~~~~~~~~~~~~~ l iME i l .~~~t V I , .
: :

,

L I i .
V - -

I
~~~ , L  1

I I 1

L~H - . H-- - i - i ; ~ i:r 1~~~~
.- L ’ - .:; i

- 
4~~~ _V V-

I I I

= Il if ~~~ -~ -- ~‘ 

- --

-~ , :‘ - ‘ . ~~ I i
~ i ~~~- ‘ ‘ ‘

-i ,I . I II I ~ ’ _ :. ~~~
- j I  - I ~1 I _ t I

l~ • 
I

1 J_~~ + - - ~~~~ i I I I l —  I L

1 ~~~~ . : U L ) I

1 :l ’ ‘ - ~ 
;~‘ ,I~ j I I ~ i l —

). ~u -- I II ,

I I  I I J 1 )_,i~ I I I I ~L I 1 i Ii
i :_ t l

-~ ~5 ,  ‘-I~~ 
1 i : . : i ~

— i _ 1~I . ’~ ._ i i i- ~!II

~~II I L l :

I I I  1 1 I

II

~ 

1 4
i~~I

I I I

‘ I

I I~~I I I I  I 
I

1 tI. ’ _ , -

1:1 . 
.11 . 1

— 
._

‘ IJ~1~ 
, I.:~~i , 1 _ . i I I ~_ II~~j : _ I _ I _I

I - ~III I -- ~~ ~ ~- - ,, - I - l i  -

I I i  I I ~ III I I

I_ I  
I I I

I l i i i  I i  I I

Ill .

i~ Ii . I~~~I Ii
‘ I ~, 

—~ I

1 I~~I

I I ’  1

‘ , I I ; I - I 
,; II  LI .

1 : -  
. ~~~ 

r h  I I I , I i

- 
- - 

- 
. i i  

~
— I — ‘

- 1 ‘ - I  - I I

- 
- I I I  I I , 

‘ I I I

22

- - -V.___ —- - -- —~~~~~~~~~ V . — —~~~~~~~~~ V . — -- V - ~~~~~~~~~~~~~~ - V . —  V - rn—----



___ V..- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Listing 1 (continued)

~ I I :- --; ET~ ~~~~~~~~~~~~~ I— j L~ i i ~ IL- I [ - — , ‘ ,-~ I L ~ J L : :~.

I . ~I I I  Eli- - IL I:J :_ E L  LI AI ; R I I
LIL I IEI i - - I F $ _ IT

I ~i I I.  I

1 
~~

-1 I
• 

.

L I IILILI U
LV :~~ 1LV ’i - I

, ~~ I-~I I -  

I IL

1 I-~~i i - h I ~1

I I I

- 
:: h I  . 1  L~~~~L~~~i

:1 ,: I . LIL’ IIU

‘ I  .--HJ II IC I~JE 
- -

I I ~-i -~~~:- • 
I l L  

-- 
‘ - -

1 - i - i
~~ . I :I~ I I . IL 

‘:~L~ -- - I

- 
- I ;  I - I l  II I ) ,

.1 -I . I I I , I J I I

2.1

- -V.- 
V - --- _- - - - - V . -

- —-— --- - - -  - - -V. 
~~~~~~~~~~~~~~~~~~~~~~~ V . V .~~ ~~~~ V . V .



- 
Listing 1 (continued)

- .-- . - I - . -~~I I~~ I - - -
1 t 1 ., t- - I , I . , k , . 1 , . 1  TLI ~~~~I 1 l UI- H i i 4 : I- L- L I , ‘ l i - H I d .  ~ I~’ : 1 1 - I - I h I L l

It  r t ~ T I - 4 1 T 1 # - h . ‘ - , - ‘ I I L I . I r l , L k ~~I~ L H I  I I U H L  , I I L HL 4 I J I I L L  r ’ I JE II L l ’ I I .

— - 
U — - 

- 
1. ~h_ ’ iJ .-

’ 1 .  -~~~~~- — J. I L I I _ llJ

11 I I I I  1)11 I Ii
- I j - , ~~ 1,

I _ I - - I 
~, .l h i i _ I .~~_ )_ I , I IL , — _ I_ l I _ I__ I I— I

I 1I ~~~~~~~~~~~~~~~~~~~~ I

—~ ~ , i ‘ .- -- J _ J I I ~~) , I I ~~ L .)

H’  I I .  L I  ~~, -

1 ~1 . I i . Ii ,
L I — ’ : r - I1 , L L~~: l - . i  ‘r I _ I I I I H I U ,  L I I I 1 I~

f I I F t J I ’ E T L T F ’  4~~. t i l t - I .  u n - ., i t t . -  1. #4

[:tI ~~Er - 
~~~~~._t I I I  L I I ,  :: -‘uT LIF O~~i . r ,1I:i .Ii: ,_ , I - i t -  I I LI I 4  .- - r

i i - ’I ,I I I I
T 

I 1 - 4  ‘ I , 
- ER t ’ i - 1 z ~t . 4< - “ - - I L L  L F L ’ I ’ l I -~IIi I-; T I -F - - = 1. .

I 
~~~1 ’ ~~ I - U I I V. I :- -~ I ’ L l - h i L L  i L V R  I4 l [ ’ I I L F t  L, , f I II , I [ L t  i’ i I - 1I~ r~t ri+- - -  i i ,

t ’ L T ’ ,~~I - ’ j 4 . .  F I N L I L F-~~i I i I L  U :  o
~ I - , I i , L E  I- - - : HrIt i U~l T I

FI - Ii ’— :. •~ ’ [ L I I  i h - :I . .  1. f r I L L .  j l~ l iV E__ 1E ~~I[~ - t 1 1 L - h i  l i i  V
~~4 I I I i V E - f t I , i ’ ,

EbIT LI- - f 4 , IlI~ II,~~ I.III TI: H ill FI :IH -~i11EIER RRi~~ E L L I I A  IHF’UbT

Ft  ~~~~ i t i h l L I i _ _  ‘ -‘ t~L.. ’ . L - iI [ t ~_ L— ’ LII - : I I _~~T I l ? ! I _ LFL V I
~~iL. II I I I ,’ I ’ I I L b— I, I[ - - I- i l

Ii 1~ LI  1 ,

I I 4 I~ I I I  I Ii I I  j  I I ~~, I L I I L I  I I r, I ... I I LI i~I H
FrIl’ ~ 

I r F 4$ L IH ,L I  HLHE 4 1 T 
I I L

E t i 1 ’EF.: I I ,  L I ~~)-1 II: i t - f. I _ , I i l - I L . i i.’ t - - I h i  I i  M L I L L T H  1 1 1 W

i:~~ ~~~~ EI :II VIr ILI F’ ’ ’ I - ALIJ E L I M i T

U:: 
- 

1 . , - L - ’  —
~~

4 - - 1. ‘L. Iii,i — 1

:: II ‘:i .
i I I ’ IH  F’ l I - M t - I L [LP L . I ’ .T I i L PHI

I, [_ F~ Ii- I- - ,-‘E: . - i II E _ 4 l  . _ L ’ ~- I l I I , [11 1 1  j I , l I I

[ ‘ 4$ I.#  

24



_____ - - — ~~~~~~~~~~~~~ ~V V _ V .  — V~~~V __V.~ •__ _~~ 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

—‘- -V.- — - -  
~~~~~~~~~~~~~~~~~~~~~~~~ 

— —

Listing 1 (continued)

II I - I ’ 
~~~~ :‘ - . 

— - — -- - - — - 1. ,Li~L

I ‘ : 1 4 1 i - - 1 F I L l  LU 

- - 
. - l F , - ’ ’ ;  ~~ M - 

- - 
, F ‘ _ , - ‘ I -

- , - - - - 
~~~~~~~ 

- , 
- 

- - • I- L ’~- - - , I I I  ‘I -

- I -  ._ . , h ” ,~~~~~’ . . -, - L ’-  1:1 - - I

- ~ - - - ~~. - - ‘ - 1 - iL  ~‘ -

‘ V - - I L - ‘  I I’ _ J IIL I .  -I

- - - ~ - , - , ~~~~- - _I ’ U - - - - ‘ — 
- 

- - -

- - - - - , 11 , I - - -
- 

~
_ , I - 

- V - 1
—  ~J j  1 , ‘ i _ _ i i 1 ’ -

— 
- I- -— - -  ‘H L I , I_ - I - U

- 
V- i 

‘ ‘ 
- - I , ~, I , , J , I i , , : I i  ~l L ‘ . ~ ‘ - -4 - I -

I I  III I I I I I I I I I  I I  I hi — i I

‘ I — _ ‘ I’ — - - I I l L  4- i ,  , 
- 

— I I - I I - — I - 

_ :
_

l - — - f~I _ I

— 
- L , — ‘ I _ I ‘ , — — 1’ , ’  t — ’ I I L — I  I ’ - M v I’’ - 

- 

- 

1’ ’ I - I —  i i -

: 
- 

- - L— - i 4 .  I - I ,~ - - 
- -

- I I I  ‘~~~ iI~~~~~~ L I  I I  I - I l  . I ‘~ V
_

I H -~~ i _ II I

-. - I ’  - - i- 1 1  ‘ ‘ _ , - - - - ‘ I _LI  — ~~[ I— I .  - - -

— - V 4 i _ i , , E _ : - - - 
~~~ 

- , - -~~~ :1I , 1 ‘ 1  l ’ _ I ’ ~~~ 
I _ I -  

- . L  I I I ~~~, - H i - i ~~ : ’ - 
~~~~~~~~~~~~~ HI :- 

, Ii  IJ , 
- ‘ - _ h  -~: 

,~~ _ , . 1 1

- , - , - I I I ;  - 
- J - , I ‘ 1 -  J L  H 1 -

V H . i , -L .H, 1~~ V i ! , I  I ’ L V I I I I f l I . ~~~t-

‘, ‘ i i .  ‘ I -: F - Ii , LI IV.I

- I i L  I ‘ I~ ~~~~~~~~~~~~~~ 
I - I I - ~ 

- V Ii -

- . 1 - ’ - I t ,  , I I , , i ~~L , I ’ I  ‘ i i ,..

I - 
- — b  ~~~ I I -  j l~~ ‘ i i - .

1 L , i l I  I 

_
~~~

, , - i ~~ - J I ~~~~~~i ’ , J I I  I l i - i _ - -

— ‘ ‘ - - I I L I ’  ~L i ’  I I I  I— I ’ - —

- - ‘ - 1 - ‘ - - ‘ 4  - ‘ 
‘ - I - J -~ - I I I  - - I ‘ I~~~’ ‘ I  - - I

- —‘ H _ I - - . 1 1 _ i - I t t — . - I - . 
V

- r— r— - ‘ I I  ‘
,

‘ • , ‘I , I -  I _ l I l t  -

- - ‘ I i  I I n  - - ‘ I .  I - I l  I, ‘ 4
I , ‘ I - ~ - I ’ , - , ‘~~~~~ I I _1l _ t V I i _~~~~ , i , , i’ l , II l . [- [I t t ’

— ‘ — - 
- i-i, - - I . 

- - - — ‘I_ I - - 4

,_ L , i [ i _ IL,~~ I 4 1

—
- I - L I  - I ‘ I ‘ I L I I -  _ — I -

I - ‘ V

- - I - 
- r -  ~ ‘ . 1  II’ i~ 

I I ( 
-
~ L 1 - - . • -

- - I~ - - i ’  ,1 - — I L L  , J ’  ~ ~ ‘I ‘ ‘~~ ~~~ I - -

- ‘ ‘ 1 t - , ’ - 1 
‘ 1 ,  -

V I  - _ 
, ~ - I 

i - l i i  -

• IL I - - — P_ — L~ -

- I - ‘ - ‘ 
‘ , - I I  : 1 — I l  - I - ,

V - ‘ I ’  I I I  - in 
‘ I - I  4_ ri 11 — ‘ I ‘ - , —

- - - ‘ 
- _ 

—
- -

- 
- :I- L~ — L I ,

I ~~i I , I ,  L I t - H  - - - V

H — - — ‘ I ,  -
‘ 

- t i L  I

- _ 
- -  ‘ --



— - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — ---V.— ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— —

Listing 1 (continued)

F— I L 4 I I I I t i lL ~~~~~~~~~~~ ,~~~~~~ - _ ‘ ., _ - [ . _ _ i i

I LU ~-~~ [ Ut L

I_ L i  I L  I I ‘~~ , - ‘~ , - IL  I I 1_ I l l  I
5 .4  1 F L - _ I - I L , L L 1 , I E  i I :I _ ç_ I - i,L’ II Lli - I ’  -
—— 

- 
- 

- - - , ‘, I L  ,_ I _ I L L  - . - 4 1 1 - , ~ 1411 ’  , ‘ r: I I

I I  1 L I  , “~‘~~ I , i 1 ,  ~~~~
1 ’ V

— i 4 1 - [I-: , — i I ~ ‘ i l L  I,  ——t i n _ I I~ I C l ,  ‘ L I ‘  IL
- I n r i d ’ ’ - -— - : j_ I~~ , I- I  — , i I I I  I’ll -

‘ ‘ I l

- - - 1 k  - 
tb:  ‘i I v ’ ’  i I l l  F r I  ‘1 ‘:-- ‘ _ L i

- I I n’ _ r ,  _ l I _ I I_ I , nc’ , ,_ , _ I I I I ,, L I - ’  — 1 . - — j - ‘ I— ‘ i i i  II~~~
- — — i l I - L

I I I I I  I L  V - i l  I i  I 1 1 1 1 4
n— _ I . I , j j i l L i I ’ i l ,  L , i  _ I_ I, r_ = V I 1  I t , , ,

• - f l  ~
-
~~_ - 1- L I — t M  • - l i - I l ’ . i_ — I - I ,

I — I I I I I I  I 44 I I I
ILl  : 1,- ‘ , ~~ , . 1 1’ ’ - -- — ‘ - — 

—
‘ ‘ —

I
-

1 . — I - ’ - i :  - I I ,  4 4 _ V I ’ ’ - ’ i _ I I I I  I ’ .!! t I , I b I l ’  - . , : - -

I l l  L I I ’ i l—I c i L  I I  I I I

I I I rL_ I n I  k_ 4 4  I III I I I  I I

c L ’  : HI il I L-r iM ,
~ “ - ‘ L ’  I i - I ’ - , , I L  I UHI- ’ - - — I , - , I i  I I I ’:’ - I - ~- - _ - -

I I  I : ,, ‘ , , L T ~ T iIl, I V ’f ~~V ’ L I_ , , , I V !  L I : ‘ I L l  i , I  H’ -~-
~~~~~~~ ~~~~~~ I L - E ” V ’ l L__ I .Ii’1 I I ’ ’ - r - , - _ I  , ‘ 1 1 , 1 1 _ I I i I I , 1 .

I _ I  I , r I ’ i ’ I— ‘ ‘ ‘ , - , ‘ — ‘ _ —~ J I  
I - L L  ‘ I l L  I I ,  - ‘ ‘ I - 4 1  ‘ 

- 
I I , l~ i ,4 ,~ I 4 LII —

‘IL l L . ,- 1 - I~~ I - H I M ”
I I I  1 I I I I 1 , 1 ’ I I ~~~ I I I

r - I I  1~I~_ 1 4  - I ,  l~ I - - ‘ ‘ _ I _ i . I: ‘ - ,._ :‘ lI, V _ ’ . 1 i l  I I ‘ I RI I I ’  - I
r I ’  I 11 ‘ V ,  I ’ - [ H ;  , H ‘ ‘ LII - ILL  V~~~~ I I ’  ‘~~~

‘- I I , I .  ill H:- F It H -

- I LI I , I4 I- _ F L  ‘-,- ‘ 
- - i - F E _ ~ - i ’ - ~ _ - 4  - 1- 14  I ‘ I i - ] I — [ I L ,

I i I n I I ,  I I ’  I H ‘ — ‘ I I  -L I — , ‘~ 
‘ - V _ j ’ I ’ , I l~ 4 ; ]  I _ 4 1 1 1  ii — ’ - —

- ;= : I -I - ‘ ‘ , I - - 1  ‘I  
- - V 1 , 1  - - I~ Hi - I 1 - li i i  I IL - -

— : - 11 t h  ‘ - I ~Ij~ , I_ _ I l l  - — ‘— - ‘ I— -
~_ - ; ’  [ ‘ ‘ 1, . I I_Il I I I

- -  L  ‘ _ ‘~ ~_ ‘‘ - I i — ’ ‘ _ ‘ _ ‘ 1 _ ‘ ‘ I I I _ l I:, II_ - i I ~ - I I t
• ‘ , I l I I  i L i  - ‘ , — I . , ‘ ,_ ‘ - ,

~ 
I — — , [ i l , H 4 , ’ 4 _ __

• I V
~ I ‘ I  ‘ -L - ‘ ii - L’ -- I I I I I - - , l . I i , i I hl , -

L - ‘  I I _ I F I — H - - I t  I i ’  LV I_ il IH i’ I i I ‘ 1 ‘ —
‘ - ‘ I  , ,  - nc ‘ - ‘ ‘ ~~~~~,I,~~~~~~~~~~~~~~~~~i -

- 
- 

- 
- , L — - I i ,~ V. 14 - I l l _ l i

— - - i ‘‘ 1 ’ ’ - I’  - - ‘ , - - II ‘i ,, ’ , —-

- I — -
- 

- 

i l ,  - - ,t I  ‘r — - I I ’ ~~,
V ,~ - 

-

- 

-i’ lL -~ l It  I

‘ V 
~ ‘ IjI Ii, I

:_ -- - I ’  ‘
~ 5~~ - . - - 4  I hIi - I I I - - ;

V 
5, i i ~ 

- 
I I- I V - - ‘ ‘ I  - - I I I I - I _ I - I

- F — ,~~ —‘ - , , - I I ‘ - - ‘ l I l t t ,  , I I I ’ t l
I , : - r n- - F - P , ’ lIn - 

‘ I - - I — I I  , - , L I I I  I L [ I I  I_ - -

F I I  I~ - , ,  - ‘  ~1 - ‘ - I I I  I I I  -

I .  — , r - - I I  1 , 1  -

—- ‘ I I  4 1 , 1 1 1 ’

‘ i l l , i lk , I - I l  ‘ , - I’ ‘1 I , I 4 ’  I 1’ , -
5 -

‘ - — V , - 
-

‘ ‘ ‘  - I l l , I- -~ — I ’ , I I I
I l l _ I L~~I ‘ - ‘. k ,  ‘ - ‘ L — ,  . 1

- : , II . — - ‘
~~~~ - 

, — , - -~ I I -  L I

- - --



— - — ‘ - - - - - - ‘ -—_ - V V . , ~~~VVV ,,-~~V._V. ~~~~~ V~~~V. ~ V ’ V ~~

Listing 1 (continued)

:1 ‘ ‘i ’ l l  - 
-

- ‘

- ‘ -~~~-~~~L - i  . 1 - :, r H ,  - - - 
‘ - - -  - -- : 1. ,

- I , _ I i I ’ .
~~ L U  I i , i - H ,, ‘ I 

- ‘ I - il - i

I I  I I I  I I I

I :  I i ,  Ii - i.IIIi’i I I  ,~~
- _ — —:- , ‘ _ I i I—l t I i _ - i  i _ _

I l l I ’

— - . - _ ‘ .~ L i  4 114 11 , ‘ I _ ’ r L L ’ , I, - H I L l _ IL - I “,-‘ - ,  — I -

I I I  I I I I I I  I

I ‘ ~ ,i ’ ~~ ~;- ‘ j r I L , I4 ’ 4’ -“ I F’ , I 
-  

- 
- 

I • - L I  l i j i “~ I I , - 

-

I I ?  I I I  
I I

‘ V i - ’ i I , - -, ’ ’ ’ - , l  _ 1 I l c ’  ,I,I , . 1 1 , : L I  — - —

I I  I I  ‘1 I i
1 ;  L I _ I I ~~~~ 

_ I  i~~I l l _ - , _ , L I  ‘ I I ’ i __ I - I l l

I ‘ I  I I l I I

I I I  L I - I  H v I I - I I ”E, ‘ - I i , ’ I i I ’ ~, , - l ’  - I -  M I I I  

, ‘ I — - ~~L L ’ . I , L - , L~~ i —; -- _ ,  ‘ I - I : : . ‘ I 1 1 , I —

- ‘ 1 ,~~~—,ii’ , — ~~~~~~~~~~~~~~~~~~~~~  
, ‘ , ‘ I ’ I i l ,

._ I I  I l l - I

— 
, I , I I,I 

_ , !  i I ’ i I I I L ’  I ,  I I , I L l _ I l -

- 
- - , - ‘ , I  I _ I L L  I I l l  I II ’ ’ _ I I 

-  

- 

- I  -
- - - I  — IL  ‘ -~ L I . ,

~, ‘ 1 I i  , ‘ I ‘ I ’ - ’ ~~- 
H ,  I -

- ‘  -  4 ‘ _ _ I l  
,~ - H I 1 F

—

~ 

‘ 
— ‘ _ I I ’ , I i , .  — — —

_ _  -‘



—V .--- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—---—- V.

Listing 1 (continued)

‘ ‘ L I Il L  ,, - - - I - , .  - I - - ‘ I -

‘ ‘ ‘ ‘  — — 
— 

- ‘ -~ I_ I ’ — ‘ H  I — I

I - - ; I - — ~~1~ ~
_ _ - — — - I - I — I I  i 1 L

I- 1 4  - - I I I  I -  H - . , i -~ ~~~~~~~~ - - -

- 

— - -- _ _ ‘ — I ’  , ;
~ — i  I I I I  I 

—
— I ‘ — I 

— — _ — l , — ’  ‘‘ _ ‘ I I I . —~~ 
—

I’  . , I ,  
—

- - , -
- - 
- 

II

I 

L. i i ~~1 . - -

— — —  _ ,_ I —— _ I I~ ~i I — 

— 

— 

— —

— — 
— 

_ , _ i t _  — i_ , ’_ _ I ,  — — —  

- I - I -  I I ,

I 
4

- 
- ‘ - I 

-

i 

- 

-

2~

V. ~~~~~--- - - .- ‘ -- - - -- - - - V- - - — - ~~~~~~~~~~ — - - _ ____



- -  -~~~~~~~

Listing 1 (cont inued)

— 
- - I - — 

- _ __ . 
- 

I — I — I - 1 i j _ i L ~

~~~~~~~~~~ -
- 

- L - Ii ~~~~ - I ~Il . I Ld I iL~~ H- 1 - - I ; I :

-

~ 

I 
-

- ~~~ I~~~~~~ , I l , i  ‘ , •  I l l  - H - ‘ IL I , -

- 
- 

‘ - :  - - 
I 

,l I ‘ - i ~
l, ~ ~~~~~ ,, - - 

- 

~~~~ , -t ,  I I I i i  -- - i ; . L I -  L - 
- 

- - , I I I
IL L ’ i , ’ l  1 L H  I . . I I , - - I ~ i I~~1 t L i -  - - ,~I .

I I  I I I I  I I
- ,L ’ ’ :i t - . 1-I I , 1 -  - I ,  I I -~~ - - -

‘ - ‘,~~~~~~~ ‘ 
I [H i  -

I I  I i__ I I __ I I I I I  I I

I I I I I  I I I ]  II
I I  i t  I I I  I I I  I I I I

- ‘ ~~ I I F ! ’J V L , I i L I ’ i L I-  I I l , I 1 I I I .- ‘ - ‘ , III I

— — — L ’ —~ — , 1I I I I  . 4 1 _ I _ I _ L I ! ’ _ . , — _ I L I ’ I I I I i . I L I _ ’ _
~~ -—

— — I l L .  , ‘ I I ’ I I  i l _ i _ L , — — i , _ ‘ I - p — —  I _ I  , , I I I ; I ’ ~ ‘ I _ ’ .  I — — — I~~~
I i I I I I I I

I ‘ —  I —  I F — ’ l_ _ L 1 — — ,
~~~~

_ I I I ,

- I — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I - ‘ I v L  _ ,  - ~~I -

- 
I i

I _ i ’  , , I ’ - I — I _ _ 4 1  I I  I I I ’  L — _ — — -- 
— —  I —

- 
I I  - I F - 1~~ ’ ‘ - ‘I - I I I_ - I — l I  i I - II . - - - - I I I -

I I i L t I  I I  I

I ‘ ~ — ‘ 
‘ I , 1 , I~~’ i~ 

- I ‘ — I

- 

-

- . . .~~~ ~
; ‘ L  I L I  l 4 H, i f  - - I

— — 
-

- 

—
- - H - . -- _ t  H I ’ - ’ ~I— — . , I I ; , I. I ,  I - 

- 

—

I - , I -
- i l l , , , , . ‘

- I l I i , I L I ’ . ’
- 

- 
‘ 

- I , _ I i _ i l l  t I  - , ‘ L _ — [

29



___ V V.V.V.~~~~~ 
~~~~~~~~~~~~~~~~~~~ 

V.~~ V.~VV.V~~ ~~~~ V~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- V .

-

I - I f

Listing I (continued)

I— ’ I I I .,[_ r,~, I_ IF’ L ir-l Il L IIL ’’, !dli 1 _I ’,lI’ V., L I _ IL I IIU, I

1, I_ II~~~f~ ’~~~I 4 j — TI i I FTI IF I - i L _;LI:, L L I - L

: ‘ ‘ ‘ l-[[l F-. ’, L , l U [ . L I I4 Il I_, I,, IJ L J ; l  “- L_ L. i_IH I ’
’
’ —~ - i , L I I  I — - b  I L

II I T I I  I L H I l l 1  I L I I I
I I I - ,  _ L  I I L  I

h i —I I i  1 1 I I~~~ I I i — h  5,. I i i

I I I I I I  I~~ L V I 4  i l  — I L ~ F l

- l i  . III UIIHi H I11 ’IL C, L I I I - . i L l : ‘L• L U -  - I. I ,

L ’— - 
r n - 4 I ’ I , p  - ,:li’ iLJ _ , I L . IIII .li I ,EF I i ’ L I V ’ L i F , .lI’ I _ 41 1

I [ I  ~4 j I  I Il_ I l l  I I 1 1 1 1  1 — 1 [IL l I
I ~ 1 I I I I  4—i rj  I L I I  I I t 4 4 I J I i  I F

I I I  I I L H F l I I 1 L I I 1 — [ L I I  I I I  I

I nIH I I L  I I— 
~~~ I H [I F —

I I I I L F _ I I I ’ ’t l I  i l l I I I F I 1 I I I I — 1 1 4  I l I l l i  I
I I I  1 I  i—i l I I I  I I  I 1 1 1 1_ i II

4 t 4  1 I I I L I I I , l  I I  1’ — 
-V

I I I  I

i’L ’~~.L ~~’~,, -ti iLi L • I-I EAT i} - I L - - i t ’ I ,C LL-  I i I I - t F  I IL ILI ,T LI ,, , J H I I L [ L  L: i L.
I t I l l  I I L HFrn I r I L I I I  Ii i I II L . _ I Ii I I I  I I

I I I I  i~I I —F E ll I I L I II n V I I , I I I It, L I  I I I I  1 4
I EL lr  F-— 11111  i [II _ I Ill_s I I  I , j I l l  I II I L_ — I I I  I I T 1 4

I I r I I l li l I I I ‘ F i L l  I I 1 1 1 1 1  I I I  I I I  — Li I I I I ’  1 I

‘ E _ i H , I I IL ILII I - I — I n  “ 1 1  I It  I I

I j I I I I I I 4 I T ~~~~~~ l _ i l I’ i I — H I I  I

F 1 1 4 1  I r I 1 I I III 1 1 1 1 I I I I [  l~I h l  I il l  Fl I i ~~iI L — I
i L I I I I  LIi I I 1 i I— L I r i_h i I  — 1 L I  I

F I I-I I I I I  IL4I I I  F1H r I I I I b F:. H I L F

• FLIJ C — L-- ’k’CIIIL I 1 1 Iii ,

I I I I  I I I I L __ il I F LI  III 1 — 1  I i  4, I r~ i I I I  I I 1

4 1  I~ i_ iLl, I L i I l i  L i F  I ~ L I I I p I

I I IL  I IIIILHII I 1- LI I I I  F i I I F i L L  I I

: I, _ I F ’ I , . ’1 I_ I I~ , : -
~~ It4I: I.iii’ - i , I I - L  I ,F ’IIi _ Ii h I , I - I1 i 4 . L - L I L i I ’I = _ ‘lI Ihi ._ - i ._iI: I [ _

-1 t,L Il,lI r t ,. - I j i,i L ;  EI- ILI:;uT Ill I I I M I L ’ L F  1111

~~~~~~~~~~ b r  S M I’I , , s L ,  L : i :E l :u j I l L  T IM E

t F l l  ‘, 2 . . - _,l _I ‘ :, i I . 4 _ ’ c l ,I ,1 H I I _

I I~~ $~
I I I L I II i 4— I 1 4 1 4

11 ~L ’i’ - ‘~~ - LC iI I.54 . Ii CIi~’i AT I V::. 1-H I:-:::.

30



— -V -V-V --

3.1.5 Recommendations for  Improvements to Present
Program

There are two general areas in which the present
program can be improved. They are: 1, the transformer
design procedure, and 2 ,, the cen tral and optimization
proce dure . Improvements in the t ransformer design
procedure to incorporate appropriate physical and
thermo-electro.-rnagnetic relationships to design transformers
having structures not presently incorporated in the procedure
(i.e., PIE windirigs, etc.) and allow for a more general
selection of independent and dependent parameters by the
user are recommended. Also recommended are improvements
to the control data I/O, and optimization procedures to
increase user and program eff ic iency and ease of uti l ization
and ,reduce execution times.

3.2 10 KW Transformer Development

3.2.1 Design of Original 10 KW Unit

Numerous parametric sensi t ivi ty analyses were conducted
to derive the design of a 10 KHz , 10 KVA inverter transformer ,
with both ferrite and Orthonol cores. Table I is a
comparative listing of the parameters for optimized
transformers with ferrite and Orthonol cores. Figures 3-4 & 3-5
are sketches of these optimized t ransformers .

Significant  comparisons are : (1) Weigh t (K50) ; 0.909 lbs
Orthonol core vs 2 . 4 7  f e r r i t e  core ; ( 2 )  e f f i c iency  (K49) ;
93.6% Orthonol core vs 81.0% ferrite core ; and (3) total
volume (K77)7 12.92 cu.in. Orthonol core vs 31.24 cu.in.
ferrite core. The weights and volumes do not include any
auxiliary heat transfer apparatus. If this were included ,
the Orthonol core transformer would show a further advantage
in weigh t , due to its higher efficiency .

It is interesting to note tl-7,at the core dissipation (K73)
is lower for the ferrite (8.78 watts) than for the Orthonol
(23.3 watts),. but that this advantage is insignif icant
compared to the copper losses (K68) of 2335 watts for the
ferrite and 659 watts for the Orthonol.
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It appears from this data that orthonol cores show
significant advantages over ferrite cores for this
application . Additional data will be generated for 10 KVA ,
S KHz transformers, and for 200 KVA transformers with heat
exchangers.

All major parts and materials for fabrication of the
10 KW transformer/rectifier assembly are on hand . The
primary coils will be wound with t~20 AWG heavy Formvar
wire. A special double coated wire by Viking Corp. which
has the property of self bonding has been chosen for the
secondary windings. The mandrel parts have been submitted
to UB. for fabrication .

Detailed specification of the individual windinqs had
been with held pending the outcome of the review meeting at
AFAPL. Following the meeting , additional tests were made of
the Orthonol core which showed that all instabilities and
distortion are eliminated , if excitation is kept below 14KG .
Similar tests were run on a toroidal Supermalloy core of
approximately the same dimensions as the Orthonol core , which
showed that the excitation must be less than 8KG for this
material. It is expected that introduction of an air gap
would force a fu r ther  reduction in excitat ion. The maximum
flux density is shown plotted as a function of RMS volts
per turn for the Orthonol core in Fig. 3-6. The expected
induced voltage will be 3.2 volts per turn . This was
experimentally verified before proceeding with the winding
specification.

3.2.2 New Optimized Designs

Using the CDC6600 TDOP2 transformer design program .
a number of new transformers were designed. These have a
shell construction using two “C’ cores as shown in Fig . 3-7 .
Materials considered included both Orthonol and ferrite .
Cooling was by Freon 113 vaporization in all cases. Both
special~ and standard cores were considered. It was found
that several standard cores could be used without a sub-
stantial sacrifice in overall weiqht. Some of the more
interesting designs are listed in Tahle2 . These are all
for layer wound coils. A program modification to permit
consideration of pie wound coils in this program would be
des i r ab le  p r io r  to designing the 201) KW unit.
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/ / / Ac = .506 cm2 = 0.0784 in2

/ / / ~~~= l7.73 cm=6 .98 jn.

/ / / a = b = .89 cm = .35 in.
d=3.56 cm=l.4 in.
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~~~~~~~~~~ 

e = 3.81 cm = 1.5 in.

/ 2 3 4,

V/N 
- Volts per turn

Maximum Flux Density—vs-Volts Per Turn For Orthonol Core

Fig. 3-6
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TABLE II
Design Data

Material Part No. a b d e W’J~.Lb . eff.%

Orthonol Special .775 .775 1.205 .802 1.43 94
Ferrite Special 1.323 1.323 1.892 1.333 5.08 92
Ferrite Special 1.414 1.414 2.912 0.957 5.86 94
Or thonol Specia l 0 .75 0.75 0.988 0.836 1.06 96
Orthonol MC-l391 1.00 0.75 1.300 0.870 1.779 95
Orthonol Special .5916 .5916 1.232 0.905 0.95 95

3.2.3 Fabrication and Testing

As the fabrication of the 10KW transformer proceeded
and the personnel became more proficient in the assembly
of the unique structures involved , several new fabrication
techniques were conceived . The first coil, (Fig 3-8) was
constructed in a manner s imilar  to the 50 KVA , 400 HZ
transformer. It had windings layered back to back with
paper insulation between. Each pair of layers was then
separated from the next pair by 1/16” square wood spacers.
The final assembly was then v acuum impregnated with varnish .
It was found that although this coil occupied only slightly
more than half of the core window , it had wide variations
in cooling passage dimensions and thus would tend to allow
non uniform cooling . The second coil wound (Fig. 3-9) was
made with individual single layers separated by 1/16 V square
wood spacers. A transformer with this coil was installed
in a case for testing in Freon 113.

During the period when these coils were being fabricated ,
the techniques for fabrication of pie wound coils were being
developed . Difficulties with mandrel alignment , tensioning ,
precuring , and handling have all been solved. A complete
set of secondary windings have been fabricated as shown in
(Fig. 3-10). These are made of #34 AWG double coated wire
which can le made to self bond in a precuring operation .
Unfortunately, double coated wire is not available in
sizes above #23 AWG and even this is only available in
1,000 lb. lots. Therefore, a new spoked mandrel is being
fabricated which will permit temporary bonding of pie
wound coils with any size wire.
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In the course of experimenting with pie winding , a
technique for multiple layering was developed which
permits much more dense pack±nq of the wire than previous
methods. This technique will be employed in the fabrication
of all pie wound coils in the future.

The second layer wound transformer was installed in
a temporary container and successfully tested at full
rated current with 60 HZ excitation on both primary and
secondary wizidings to cancel the flux in the core. The
total loss was 770 watts which is slightly above the
predicted loss of 682 watts. This will be drastically
reduced with the new pie windings. The leakage inductance
of this transformer was found to he 25.3 microhenries which
is also high. This will he reduced to the desired level
of less than 4.0 microhenri-es by interleaving the pie
wind ings.

3.2 .4 Inverter Cooling System - 10KW System

The following is a preliminary cooling system design
for the 10 KW inverter transformer/rectifier , and analysis
of that design.

Input Data and Assumptions

Trans former

Copper Loss 511 Watts
Core Loss
Total Dissipation 570

Internal Height 2.30 Inches
Internal Depth 2.49
Internal Width 3.75 (4.00 with clearance)

Rectifiers

Type : (4 )  Unitrode 687-8 series
Approx total dissipation = 1.1 x 13 x 1 x 8 = 114.4

Overall Height 2 x 1.14 - 2.28
Overall Depth 2 x .75 = 1.50
Overall Width 3.015

Note that the height and width package dimensions are
determined by the transformer.

Total Power = 570+114.4 = 684.4, say 700 watts
42
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Package internal depth :

Transformer 2.49 Inches
Rectifiers 1.50
Clearances .38

Total 4.38

Cooling System: Use heat sink finned on both sides , machined
as required to form the top surface  of the T/R u n i t .  Cooling
air will he provided by a blower arranged for impingement
flow (cooling air flow from blower is normal to the finned
heat sink base a r e a .) .

For initial design analysis, use Thermalloy extrusJo;’~ #6462
heat sink (.250 spaces , .125 thick fins, .655 in deep fins).

Condensing Side

Internal plan area of T/R unit = 4.18 x 4.00 inches
Condenser area = no. fins x area/fin ~ base area
No. fins in 4 inch width = 10
Area/fin = 4.38 x 0.655 x 2 = 5. 74 sq. in
Total area = 10 x 5.74 ‘- 4 x 4.38 = 74.90 sq in 0.5 sq.ft.

Condensing heat transfer coefficient , h
~

I— -
~~~~~~ - i - ~’ 2 ~~I 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
~~ ~~~~~~~~~~~

f
~~~~~~~~~~~~~~~~ V. ‘ - J ( 2 2 )

where F1l3
= liquid density, lb/cu.ft . 97.69
= vapor density, lb/cu .ft 0.461

g = gravity constant , ft/hr2 4.173 E8
h = heat of vaporization , BTU/1b. 63.12
Ic = thermal conductivity. BTUh/(F—ft) 0.038

= viscosity, lh/(ft—hr) 1.646

then ,,
f’~ 4- , ~ 

- ) ~~T L / (~~1 ft -~~ ) (2 3 )

~~~~~~~~~~
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For L = 0.655 inches = 0.546 ft.
hc = 337.O8/t, t1~~

2S

Since Q = hA ~ t, (24)

(tF—tC) = Q/hA (25)

Where
tF = fluid temperature, F
tc = condenser or case temperature , F
Q = thermal load, BTUh
A = condenser area, sq. ft.

t E ~~~ ~ o)  C *)~~~ . 4 ’~~~ 
t~~- t~~ / 337, o~~ (26 )

(
~~ ~~~~~~~~~~~~~~~~~~~ ~~~~ , S 

~ (27(

t, -t ~~~ 
0.~~4 F - (28)

External Forced Air Cooling

Assume Rotron “Spartan ’ fan, type 5, motor series 682YS
Operating point = 50 CFM @ .175 inches water
Forced air heat transfer coefficient:

No fins on air side (4.687 wide) = 12
Effec t ive  area = 12x.655x2x4.,687+4.6872x2/3= 88.3 sq.in.
Total flow area (two directions)= 0.25x0.655x12x2 = 3.93 sq in.
At 50 CFM, air velocity = V =(50)x144/3.93 = 1832 ft/mm
At assumed average air temp of liOF ,

air density = 0.0696 lb/cu ft
air viscosity = 0.0465 lb/(ft—hr)

Equivalent diameter = 4x0.25x0.655/(2x(0.25+0.655))-”362 in = V

.03 ft. (29)
Re = Reynolds no. = .0696xl832x60x .03/.0465 4936 (30)
h 0.023 k/D Re~~

8Pr0.4 (31)
= 0.023x0.0160/0.03x4936°-8x0.7°4= 9.61 BTUh/(sq f t—F ) ( 3 2 )
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Since ~ hA (t~ 
— t a )  (3 3 )

— 

~~ Q/ (AA) (34 )

where
tc = case temperature , F
ta = air temperature , F
h = heat transfer ‘coefficient , BTUh/ (sq  f t - F)
A = heat transfer area , sq f t .

tc -
~~~~~~ (7oo) ( ~ -) (3.4 I3) / [ ( 9.6/) (88.3/ I 44] ~~4 Z 7F  (3 5 )

The f l u id  temperature wi l l  average 4 7 . 7  -
~
- 0.9 = 48.6F

above the ambient air temperature , af ter repeatable cyclic
condi tions have been a t ta ined . Assuming a maximum ambient
-temperature of 100F, the fluid temperature of approximately
150F will generate an internal pressure of approximately
15 PS1G .

A more detailed transient thermal analysis will he
performed later in the program to determine the rate of
cyclic temperature increase and the peak temperature
excursion over the average.

The attached Figure 3-11 ind ica tes  the genera l  outline
of the T/R system. The f i g u r e  is a p r e l i m i n a ry  concept ,
not necessar i ly  to scale, and not necessarily reflecting
the final design. For example , the condensing fins appear
much longer than necessary , consider ing the low tempera ture
drop across the condensing surfaces. It is likely that these
f ins  will  be reduced in length in the f ina l  design , reducing
the overall height somewhat.

3 .3 Dynamic Anal ysis Programs

-

‘ 
3.3.1 Characteristics of Magnetic Cores

The directly measureable characteristics of transformers,
while exhibiting certain nonlinearities , must he altered
either by signal processinq or computation to yield information

- 
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on the properties of the feromagnetic materials. Each
manufac turer has a preferred  set of tests for core
evaluation depending on the particular application .
IEEE standards 164 and 106 describe in some detail
the particular tests which are deemed acceptable , hut
the degree to which they are applied seems to vary from
one manufacturer to another. A list of tests which have
been implemented at TTL is shown in Table 3. Addit ional
tes ts for pulse and biased core transformers are described
in references [l]through [4~.

TABLE 3

Magnetic Device Tests

1. Core Loss and Volt-Ampere Test (open circuit test)
2. Winding Loss Test (Short circuit test)
3. Sine Voltage Tests (B-H curve and V-I curve)
4. Sine Current Tests (B-H curve and V-I curve)

The specific materials tested at TTL have been limited
to tape wound cores having lamination thicknesses from
½ to 4 mils. The materials used in these tests were
Orthonol (50% Nickel , 50% Iron), Magnesil (3% Silicon .
97% Iron) , and Supermendur (49% Cobalt, 49% Iron , 2% Vanadium) .
A few samples of Permalloy (79% Nickel, 17% I ron , 4% Molybdenum )
and Supermalloy (78% Nickel , l~% Iron , 5% Molybednum) were
tested along with two ferrite cores, but the most extensive
tes t ing was performed on the f i r s t three ma ter ia ls  men tioned .

The purpose of these measurements was to obtain data
for development of a mathematical model for transformers - 

-

which included the nonlinear properties of their cores.
This, of course , was not the f i r st attempt that had ever
been made to model magne tic mat er ia ls  properties. It was
shown by Manly (Ref  6) tha t models based on the hyperbolic
tangent . arc tangent , and lognormal func t ions  f a l l  shor t
of accurately representing the core properties. He pointed
out that even models which appear to closely fit measured
hysteresis curves fail to match the I-V characteristics.
Other models wh ich hav e been developed include exponent ial
series (ref 7) rational fractions (Ref 8) , and least

47 
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square curve fitting routines (Ref 9). Since none of
these were easily adapted to the requ irements of a
transformer analysis and design program using minimal
computing equipment , an e f f o r t  was undertaken to deve lop

4 a satisfactory model ,

Such a mode l has been developed by TTL and its ut i l i ty
in transformer analysis has been demonstrated. The transition
from dynamic analysis to design has no t been made . So at
this writing , it has not been established that a transformer
can be syn thesized from the TTL model.

The TTL Model

The TTL model is generated from three experimentally
de termined parameters. These are the coercive force , the
saturation flux density , and residual f l u x  density. The
mathematical form on which it is based is y = x/(a+ x ) (36)
where x is a func tion of the magne tic f ield intensity.
This function has the value zero at x = 0 and approaches

~ 1 as x becomes large in either the pos itive or nega tive
directions. Its resemblence to a magnetization curve was
one reason it was chosen as the basis for the model. The
mathematical expressions for various core properties are
sh~~ n below.

BH Curves

The major loop is modeled as shown in Equation (37)

( 3 7 )

This ~3quation exactly matches experimen tal data at the
points (Hc)O) , (O,Br), (OO ,B5). The symbol k, has a val ue
of -l for the lower or right hand curve and +-l for the
upper or left hand curve. To represent a minor loop , the
upper and lowe r curves are shif ted toward each other by
equal amoun ts such that they in tersect at the poin ts
(1H m , ÷ Bm). This shift is represented by a term
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designated the displacement flux density . B0.

Equations(38)and(39)can be used to generate a complete
set of B-H curves as shown in Fig . 3-12.

(38)

1r s~~~~+ii~
) 

~~~~~~~~ (3 9)Bo L g ( 8~~~~ ) l N ~~~~~

Magnetiza tion Curve

The magnetization curve Equation (40 )  is modeled as
the locus of the points (Hm,Bm) from Equations (38)and (39).

- ,[ 
B5(N ~~÷ H c)  8~(~~ -~~ ) 1 (4 0 )

~~~~ ~~~~~~~~ 
1) +Ih /m 1~~J

H -V S -B

The inverted form of Equation (38) is shown in
Equa tion (41)

//~ (~~ 
_/) (8+K8D)/[Bs

_ (S+K8D~] 
- K//a 

(41)

This form is particularly useful for determination of the
curren t from a known flux waveform .

Core Loss

Since the model represents a continuous closed hysteresis
loop , the in tegral over o~ e complete cycle will yield an
expression for the core energy loss per unit volume .

= [i ~~~ 
- + (C ÷ IH ~~~~~~~ 

~ II (4 2 )
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If the parameters used for Bs,Br, and Hc are for some
frequency . F, then the total core loss wil l  be represented
by the product of Equation (42) and the frequency. For
dc da ta , Equation (42) represents only the hysteresis loss
and the loss at frequencies other than zero must include
a term for eddy current loss such as shown in Equation (43).

/ 2
= ~~~( - 7rf -r B,~,)  (4 3 )

Permeabi l i ty

The incremental permeability may he modeled by
differen tiation of Equation (38). The result is shown in
Equation (44) .

~5 ~~~~~ _ ,)]/ [,q~(p_,) ÷~R÷ x#4/~]
Z (44 )

Since the incremental permeability approaches zero as the
magnetic field intensity approaches infinity , the permeability
of f ree  space ,,u0 . is added to Equation (44) to model the
total permeability of the material.

A term often used to describe rectangular core materials
is the squareness ra tio , Br/Bs. This quantity approaches unity

— for a perfectly rectangular core. The ratio of the
permeabi l i ty  at H = 0 to that at H = H~ is

-

~ / 
= (i -  ~~ 

)

2

From this Equation it can he seen that for a squareness
ratio of 0.9 the slope of the sides of the modeled loop
is one hundred times that of the ends. Thus the model is
capable of representinq extremely square materials , a
property which is lacking in most other core models.

51 

- - -  -- V. V V~~~~~~~~~~~~~~~~~~~~ V.~~~~~~~~~~~~~~~~~ 
_



—- ---

I-V Characteristics

Two limiting cases occur for a driven core. They
are voltage source and current source conditions, both
of which are ideal cases. In Ref. 6, a sinusoidal current
source given by

I = I ~ .S,N <~~ t (46 )

which would force K to have the form

K cos~ i- t/ Icos~ 1t l  ( 4 7 )

I t may be shown tha t the ind uced vol tage for  a core of
cross—section , Ac, and magne tic path length , ~~ , is given
by

v N
2
AC

K(1
2

12 ) 2  (48)

The derivation of VI characteristics for a voltage source
requires the numerical integra tion of a f i r s t  order
d i f f e r e ntial Equation , and is discussed in the section on
dynamic modeling .

Comparison of Model with Experimental Data

Exper imen tal and compu ted hys teresis curves are shown
in Fiq . 3-13 for Supermendur at 77°K. It appears that
the slope of the side s of the computed curve are less than
that of the data. This problem is due mainly to the fact
that the value of Bs is hard to determine sin ce it is no t
possible to drive H to infinity . An al ternative wou ld be
to measure the permeability at H He, and to compute the

saturation flux density from

= 

~~~
‘H

~ 

~ / (/~ ~~~
- - (49)
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This yields a value of B~ 
= l.59T , whereas the value used

in computing Fig . 3-13 was l.7T. The recomputed hysteresis
curve is shown in Fig. 3-14.

Data for a Magnesil core with the following Table -4
specifications.are shown in Fig. 3-15.

TABLE 4

Magnesil Core Type 50086-2K

N = 50
Ac = 4.3 X 10_6

= 8.47 x 10_2

= l.5T
= 43.9 at/m
= l.79T

f = 60 HZ

The top curve is hysteresis and the lower curve is the I-V
characteristic, both were taken at five different values
of magnetic field intensity. The computed BH curves and
I-V characteristics are shown in Fig. 3-16 . The most
obvious discrepancy is in the curvature of the peaks of
the I—V characteristics. This is thought to he due to

the fact that the source was loading slightly at the peak
so that the curren t was slightly non-sinusoidal. This
theory is suppor ted by the analysis for the cons tan t
voltage case which shown considerable rounding of these
curves.

Examination of the computed I-V characteristic shows
a discrepancy with experimental data in that the peak
values are shifted to the left much more in the data than
in the computed curves. Examination of the B-H curves
shown the same phenomenon . Namely the H axis intercepts ,
Hc, are all much closer to the Hc in the computed resu l ts
than in the data. Experimental and computed values of H

~~-
Vs - Hm are shown in Fig. 3-19. From this curve it is seen
tha t the TTL mode l in its presen t form devia tes considerably
from the experimental data. Residual maqnetization , Br, is
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plotted as a function of maximum f l u x  dens i ty , Bm, in
Fig . 3-18. Here it is seen that agreement between
theory and experiment is excel lent .  A number of
modifications have been attempted to correct the model
by altering the He term in the Equation as a function
of Hm. The results of two of the more promising approaches
are shown in Fig . 3-19. It is seen that the correct ion

~
7’ô [N * ~~~~

/ ] / [
~~~/ + ii

~~~
(

~~~~~~~~
_

~~~) ]  (50)

has little or no effect on the curves while the correction

H0 (51)

tends to reduce the H axis intercept too much. There is
some question as to the importance of this problem since
the electrical behavior is determined primarily by the
maximum flux density and the instantaneous permeability.
These two characteristics are accurately represented by
the present model. While high accuracy is desirable in
modeling all aspects of the material characteristics it
may not be required in the present program .

3.3.2 The Dynamic Model

The basic nonlinear transformer model is shown in
Fig. 3-20.

e i i
~IIIIII~~III~Ij L(~)

Fig. 3-20

Basic Model - Core Only

The describi,~g differential Equation 
is

L(~) = e ( ~) ~~ ( 5 2 )

where e,~) is (usually) a sine wave input. Given that

_____-- __________________--— 
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Va ~~/ N C ~.)t  ( 53)

where

Z7~
W ~~ 

Z 277~f /
~‘AD/5(C. (54)

we will f ind it convenient to e f fect a change of time
scale so that one period of the sine wave requires one
second in terms of a new time variable 7’ . Let

271t (55)

so that

= 217T (56)

therefore

7 
~~f0 z~ (57)

and

(58)

Equation ( 52)becornes
o’i~ d7’

Z
(VL ) o~t St e(T) — R~. (~9)

or

dt  — 

- (60)10 (4.)
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Equation (60) is the basic Equation which was programed
for the HP 9830 (the HP 9830 uses a modified basic language).

The nonlinear model of the core , L(~), is defined by
the equation

2 A  ~ /
jV ,‘-~c,’ o / ~‘s /I4’C~~~ 8~.(~

) - 
[ ‘ia (~! ‘) +I~~~K~CI J  

(61)

where, for illustrative purposes, values in Table S have
been used as the parameters of the model:

N = 50

8.47x/0 2,m

4 7~ X /0~~~~ H/pm ,‘14~~N877C CORE

“~~~ 1 TYPE 50086 -2i~

= 40 a-~/~.,n

TABLE 5
Mode l Parame ters

Equation (60) can be written as

~~ -~~ — (62)
0~~7~ -

~~‘R~
(
~

)

and then integrated (graphically) as indicated in Fig . 3-21.

b

r~~

Fig . 3— 21

Graphical Integration Procedure
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Equation (60) gives the slope of a solution curve in the
..V~. ( r) v5 T plane . G iven a value of curren t ~ at T~~Z then
a line dropped from A to the curve -~~~~has a length equal
to i - ~~~~~~~~~~~ This defines the point B. Next, on a line

4 parallel to the 7’ axis lay of a line segment which is
equal in magn i tude  to ~~~L (h. ) . This def ines  the poin t C.
By construction , the line A C then has a slope equal to

A -

(63)
A’

and hence , a “ shor t tangen tial segment of the line A C
constitutes a solution to Equation (62). One then moves
to the endpoint of the short tangential approximation and
repeats the procedure to obtain the next approximation
to the solut ion curve . Given that these tangential
approximations are ‘ short enough ’ , one obtains an
approxima tion to the true solution curve that can be made
ar} itrarily close.

The graphical procedu re can be implemented as a
difference equation on a computer by writing

= ,n~ (~~,,, ) /~Z z ~T) ~~~~~~ (64)

where ‘~/~

~ s/AJ (~ 7rt1 rf n ) -
~~~~~~~~~~~~~~~~~~~~~~~ 

= -

fo N 2Ac/’o 
÷ 

£ ~~~ (er ’) (65)

= -/ , w#~w ~~~ < C  (6Sa)

and

( 6Th)
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When an engineer graphically solves the probl em using
Equation (62) he learns to adapt the V I s i7e Il of the
tangential approximation to the steepness of the solution
curve. That is, for shallow slopes he is wi l l ing  to let
the tangential approximation (th e line element CD in
Fig. 3-21 be larger than when the slope is steep ’.
We can approxima te the physical f eel the engineer deve lops
(who is graphically solving the problem) by using the
log ic available on a digital computer to permit a variable
solution size that is slope dependent. For example, the
computer calculates a new point 0 based on a fixed
increment. However , before the point D is used as a new
jumpin g off  poin t in the compu ta tion of the solu tion ,
the slope of the line CD is checked. If the slope
exceeds a specified value, then the ~~T in terval is halved
and the computation is repeated — s tar t ing of course from
the same initial point A. This proced ure is repea ted
unt i l  the slope fa l l s  within the cons tra in t p laced on jt~
Obviously, a compromise must be effected-if we make the
slope constraint too severe then the digital process is
slowed up and one must pay an excessive price , in terms
of computer time , for a degree of precision that may not
be warranted .

Given that the current waveform must be recorded at
equal time intervals in order to do a time series analysis
(for  examp le , a spectral analysis) then the computer must
also he programmed to record data only at ~~~ second intervals.
For this reason , the procedure of halving the intervals
is a good one , since the computer can remember the total
number of t ime s tha t the in terval was halved and hence
record only the ~~7 second in terval poin ts for la ter use
with , for example , a Fast Fourier Transform routine .

Core Mode l with Resis t ive Load Ladder Anal ysis

The model of Fig . 3-20 can be upgraded to that of
Fig . 3-22 in a relatively easy manner. In Fiq . 3 -22 let
the series resistance R become R1 and ca l l  the purl
( equ ivalen t ) resist ive load R 2 .
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Fig. 3—22

Core with Resis t ive Load

Using Ladder analysis, we can wri te

;~
. L (Z2)5+~’i + L(12)S /~

L(Iz)~~~~~~~,

SL(z2) 
~~~~~~~~~~~~~~~ 

e

0 /

1( 1)5  
L(z2)s

TABLE 6

Ladd er Analysis  of Transformer
with Resis t ive  Load

From Table 6 , i t  is seen that
/

— 

(~~‘ ÷/ ) 5L ( . z-2) + R /  
(66)

or , in the time domain

(~~
÷/ )  L(~~~~~ )~~~~~

’
~~~

2 .÷ R, ’-2 ~(~) (67)

— R, Rz
or . R,+R2 R, —~-Ra. 

2 
(68)

d~

Accoun ting for  the change of time scale , Equa tion
(68) becomes :
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P 2 R,R2
____ — 

e(r) 
+R& 

- 
(69)

d1~

Therefore the computer program associated with
Equation (67) can be used directly by lett ing

Ri..
—b- e(7-) 

~~~~~~~~~~~~~ 
(70)

and

R, 4’z
(7 1)

Once the magnetizing current is known , the sour ce
current and load current can be found from the ladder
analysis array of Table 6 From Fig. 3-22 we observe
that the source current is .1, . From Table 6 we obtain

___ — + 1
12. / ( 7 2 )

— 
L (Xz )SI~ z

i, = ~~[ e cr) ;~~~
- ~~R~~z J

= e~r)-t- R~ -~z 
(75)

Ri + Rz.

also from Table 6 ~~ .r -i — r L (Z z) di.,~ (76)
I L ~ R~ di-
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- -

~~~ Zoa d C~~ ,.e,,t _ _ _ _ _ _ ( 7 7 )

To sununarize, the magnetizing current is found by
solving

- ~~.(7) ~~~~± — 

V

- 
~~~~~~~~~~~~~~ (78)

dr 
‘
~

for ..~~~‘t) . The Load Current is:

/ (79 )
~
.

and the total current drawn from the source is.

— ~~~~~~~~ “-“ (80).2

Note that a “mix ’ of both frequency domain and time do-
main notation has been employed to determine the governing
differential equation. This ‘mix ’ of approaches is an efficient
analysis method and produces no error since the final result is
written in time domain. In this regard, L (.z~)i has been
employed as an operator and correct results are obtained given
that Li’.r~js operates only on .z and that the final re-
suits a:e written as differential equations in the time domain.

Core Model With Resistive Load — Equivalent Circuit Analysis

Fig 3—22 eanalso be analyzed by the use of equivalent cir-
cuits• First, convert the voltage source to a Norton equiva-
lent current source (Fig. 3-23).

_ _ _ _  
*~~~~_~~~~~~~~~~~

L(z
~
)

r~~~i~~ i
~ L.~ *’~ J

d 
~~~~~

4c
Fig.3— 2 3Analyses Using Equivalent Circuits
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Next find the parallel equivalent o~ ‘~~ and R~ (Fig.3_23h)and then
convert back to an equivalent voltage source (Fig. 4c). From

?Lg .3 -23 C one obtains directly the differential equation des-
cribing the magnetizing current as

~~~~~~~~ ~~~~
~~~~~~~~ ~~~~~~~~~~~~~~~ ‘~~~~ ‘~ ‘~~~~ (81)

which verifys Equation (68).

Additional Dynamics — Series Leakage Reactance

The next step is to modify the circuit to account for
an equivalent series leakage reactance. (Refer to Fig.3-24 where
L has been added.)I ,Q, ,(, I.

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
~
. n ’

~~~
” I -

e 
4~) ~ ~t)O- ~~~~~~~ 

—

Fig .3 -24 Leakage Reactance Added
Ladder analysis can now be applied , given that the proper
interpretation of L(4j.) S , as an operator on alone ,
is observed.

£~~~4~~~~

’ 
11

(Z,3 ~R,) [ ~ ~ ~~~~~~~~~~~

~~~~-
__ I - -- -

Table ~ 
Ladder Analysis — Series Leakage Re actance

-

V From Table 7 ,the ratio of 2~ (the magnetizing current~ to E~
is

___ /

[ / ] L.
~
’ Jsi .-h,s”-~~ 1 

(82 )
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Let
1. ,

2 — 
(2~,51’IE’) 1e~e’ [
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]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘
~~~~

-

~~~~~~~~ [4~~s-~ J 
84

.~~ 
‘~~3) ‘~~

‘
~~~~~~ _ 

~~~~~ r / (85)et L,s-~- ’e,~~~ ~~~~~~~~~~

The equivalent circuit is given in Fig. 3-25.

÷ 1  l Zet l
1~~~~~~~ (2~)

Fig. 3-25 Equivalent Circuit

Let ~~‘[z e,.1= ;eg~~ (86)

-~~~~
‘ [E7] = e (87)

so that the differential equation, describing the magnetizing
current,becomes

L ~~~ ~/~
) ~ ~~ (~~

)

or

~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~ (89.) •1
The precise form of Equation (89) depends on the assumed values

of the parameters. For example , as . 
~~~~
. 

~~~ 
and 27 -~~~ —

On the other hand , when ‘~~~< < 1 Q,,
/

and 

‘

~~~~~~~~~~~~~

‘ 

~~~ ‘ ~~~~“J 
90)

_____ 
(91)

I
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For this.important .case,-E quation (89 reduces to
- ())~~~~ 

-
~~ 

.2..-
(92)

and where yc’~)is dependent on the form of the assumed voltage.
Given that e(t)= ~~~3iiw 

~~~~~~~~ then

e ~~~~~~~~ • ‘~~~ /

7 ~~.a,, A~
/
~~ ‘E7 

[* ~~~

I~~~~~ ) 
• _~~~~~~ . 

. / (ga)
s”

/45 ~~~~~~ .,,. C

~~~~~~~~~~ )4 ..~ czv.& 5 # E’~/

Therefore, ~~~~~ &t~~ 8~~~.’ ‘-~‘~~~~~~“ (96)

‘1 (97

~~~~ R~~~~~~~~~~~~~
}  

(98)

In general , e1~) will still have the form given in
Equation (96) when both ‘c’, arid �E’~ are retained. However ,
the coefficients of the partial fraction expansion will be
different. Specifically ,

_____A 
(~Jh,)~~~~~ (~ 

,,.,p~)
(99)

~~ r (
~~~t

Note that the increase in the “ order ” of the equivalent voltage
source, due to the introduction of the energy storage element
4 does not particularly complicate the problem. That is,

the effect of L, on e,~Vcan be treated in an analytical
fashion — there is no need to “simulate ” the complicating

:~ effects of 4 as far as the equivalent source is concerned.

The effect of 4, on the equivalent impedance is ,
however more involved and does theoretically require that we
increase the order of the simulation model. Referring to
Equation (84), observe that the equivalent impedance approaches
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a constant value , for all frequencies , only for two cases:
a) ~~~~-~~-e i o  b) ~~ — ‘~

o . For the intermediate range where

~~~~~~~~ it becomes necessary to find the exact “impulse re-
sponse” of 2(3). To find Out what this impulse response is,
write Equation (84) in rational form (i.e., the ratio of
polynomials with the numerator polynomial of one order less
than the denominator) :

~~~~~~ ____ _____

/ — ~~ 1 (102)
‘~~~ L ~~~~~~~~~~~~~~ j2.,

/,~~~~ 
,

~
.
.
. ~~~~~~c~)_ d9~,~~.

( (103)

Using Equation ( l O 3 ) and Equation (96) , Equation (89 )
becomes 

_____________ 
~~~~~~~~~~~~

(104)

Equation (l04)simplifies only slightly:

~~~~~~ (,4~~ & I ~t~~494.~~ 
t i’ .Ce ’

~ ).~e �~1-~~J~T-~E 4. kL~ (105)
(1:)

Let 

J1
Z
~ ~~~~~~~~~ 

(106)

so that

~~~~~~~~~~ ~~~~~~
E

~~~~~
a) kI

4 4., (107)

Thus Equation (lO5)can be replaced by the system of equations

-41 ~
~~~~

.‘ 4 t * ~~~~ it#(e ~~~~~ ( 108)
-

~~~~~

-

-~~~~~~~ . ~~~~~~~ -~~~~ 
- (109)

This system of equations has been programmed for the HP9830
and works well when and L has a reasonable numerical
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value — on the orCer of ~~~ henrys. However, for ~~~, on the
order of /°

8henrys the HP9830 underflows. Hence the use of
Equation (96) is recor~mended only w2~en L, has a significant value.
This condition can be checked quite nicely using Equation (s~).Note that Equation (SI ) gives the form

EL, 1
4~~iE.~~~ ___

or 
~/ ,q,~ L*;~ #/] llo

- --

~~~~~~~~~~~ ‘
-
~~
‘--‘€~~ ~~~~ -#/  (111)

L . a.

We may compare the break frequencies ii), and ~~~~~. against the
frequency of the input sine wave ~~~t. If ~., ~~~~~ >> ~~~.‘ then
we may as well set

Ze;~r~ (112)

In this event, Equation (89) becomes

~it~~’ c 2 ~ (113)
L (~~~~)

Therefore, the program devised for Figure 3~~ (Equation 
(60)

can be used by letting

~~~~ (114)

~~~~~~ 
(115)

- 4 74V &)where 4’ - 

~~~~~~~~~~~~~~~~~~~~ 
.z- (116)

~~ 
_ vd~~ I__~~~~~~. 1 (117)
‘~~~~~ ~~~~~~~~~~~~~~ 

- - V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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A More Detailed Model

Consider Fig.3-~’ which makes provision for capacitive
reactances as well as inductive losses. (We draw a frequency
domain circuit diagram.)

—I-

- ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~

~~~~~~~~~ 
~~~~~~~~~~~ I-)~~~~~~ ~~~~~~~~~~

Fig.3—26A More Comprehensive Equivalent Circuit

This circuit can be reduced to the nonlinear first order
form via the successive transformations given in Fig. 3-27

_ _- ± 

~~~ 

4z)

L.~S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_ _______

r~~~~~~~~~~~

5

a 

E
’ L / 

-

~ 
~~z::)

L Li ~~~~~~~~~~~~
d

r~~l ___

i~U~ a5 y 2, J.~
- 

e
l * I~ 

H2
~ J

Fig.3—27 Reduction of Fig.3~~~To First Order Form of Fig. ~ -2 )
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l~~~~~~~~L

~ Va - ~~~~~~~~~~~~~~~~~~ (119)
-~~ c.~~s *’

( 120)
I ~~~~~~~~~~~~~~~~~~~

( 121) 1
h .Z3 tZ~,

Fig.3_27 (con’t) Reduction of Fig.3-.26to First Order Form of Fig. 3-27

Letting ~r ” L-~-.~-c~.] 
(122) V -

and -/ c’s - -
~~~~~~~~~~~~~~~~~~~~~~~~~~ [ r ~~~~~~~~~~~~~~ )] (123

gives the first order form

___ _ ________________ (124)
L( ~)

Substituting the equivalent impedances into Equations (122)and
(123) gives explicit expressions for 2?

(s)and ~~~~~5)

Z ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
7 R~-A~~~ 5’~~~(7 ) ?-~~~~~~~jS”/ 

(12- s)

- ~~~

- 
~E’~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

‘
~~

_
; ‘

~~~~~
‘
1 1’P 7 S ~~~i~~~~~~~~~~~~~~~~ 

( 1 26)

R,t~~, R *A ~,-

1~ ~~~~~~ ( 1 2 7 )

( 1 2 8)
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~~~~
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One may evaluate quation (125)and (126), for given para-
meter values, and check for resonances, the relative importance
of each term in Zej  and , etc. For example , the importance
of the var ious break f requencies encountered in and
can be assessed using Bode plots , on the basis of their
relavance to the frequency of the input sinusoidal. For
example, if Equation 125 were to yield a break frequency at
5000 NZ we would choose to ignore it if the input sinusoid
were at 60 ~~~~ However, a break frequency at 5000 ~/z would
have to be retained in the model if the input frequency were
1000 ‘/2. These points are demonstrated with an example. Let

~ 
—e ~ . a,’, A; -.~~o/, 4- - /i~~~~ C ‘~:~ 

~~~~~—4’

Using these numbers, it can be shown that Ze; and can be
factored explicitly as

Ze - ___________________/ ~~~~~~~~~~~ (~s~~~~~~ -~~~)(~5�/) (130)

~~~~~~~~~~ ( 7s #/)(~~~~S’1)_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• (1~5)

- - 
,çp~ ______ (131)

~~~~~~ re;— ~~~~~~~~ 
• 

7 ’)

— • L-~~~~~~~~”) ~~..o9/ (~~~~~~~~~“~“) (132)

~ ~~~~~ 
S #1) � I,)

Since the input frequency is 377 rad/sec, the break fre-
quencies of Equations (130) and (131) are of no concern and we may
as well set

~e.e  V

‘~~ ~~~~~~ ( 13 3 )

and £~e;— ~~~~~~~~~~~~~
- (131)

L 

Load current and magnetizing current are plotted in Figs. ~-28
and 3- -29  for two different values of input voltage (V=3 and
v= 5) .  In addition , the spectral content of the load current,
for the V 5  case, is examined in Fig. ~-30

In both cases (V3 , V=5), the following parameter values
were used for the nonlinear model:
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TAbLE 8

Model Parameters. Illustrative Example

N -~

— V / ’ 4V / ~~~~~~~ ~~~~~~~~~

—

—
~~~ 

— q ~‘i V( /~ I 
~~~

A ,

/ JVV

-• 9~ )

Note the large “inrush” co;aponent in the mag~ietizinq
current (for the 3 volt case) that d~ c~ out to an extre~ely
small value after the f i rs t  cycle. This is not the c~~o for
the ~ =5 volt input — there it is seen that the “ inrush”
current component, alt~ough s~gn~ ficant, does not dominate in
the plot of magnetizing current vs. y ’

Note that the frequency dependent terms in Equatio;~~ (L?5)
and ( 126 exhibit a pole—zero cancellL.-~ion trend which sce~is to
indicate that only a few of ~he ti~ie constants should b~ re-
tained in a much more simplified model of the transfor1~ier.
That is, the model of in Equation (125)wus a four~~i
order polynomial which reduced to a second order polynomial
over a first order polynomial. For this 2art~cu.~ar set of pare—
meter values, we decided to ignore the addi t ional dyn~ :;~~e~
introduced by this lead—lag—lead factor only because the break
frequencies were &ufficientiy high with r•~pcct ~o ~he 60 ~~/-~~--

input sine wave. (377 rad/sec). However,these addition al dy—
na~ ics should be taken into accoun-~ for input waveforms that
have frequencies greater than about 600 rad/sec.

To conclude , it is apparent th~~t the i~port~.~ce O~~~ tJ;e

frequency depcncfent terms in ~qu at~ o~~ ~i 2 5 ) .~nd ~126)  ih ould Le
evaluated  - for each j~ dividu&1 ca~~ in o~-~ -~o ~~n
in to the cha racter of ~~~~ a;~u ~~~~~~~ . ~or Cx~~~ ) 1C . UZ 1 f l~~~ thO
n u ;.~ ers given in the i i u ~ tra~ iVe e;-:~~ ..V ~~~~~~~e , 1L ‘~I~~s ~~CC~) th~~ L ~ 11

t~~c roots o~ the polynomials were ii -r~~t order  ~~~~~~~~~~~~ ~~~~~~~~~~~~~~

t~~~s does not i V,ece~~~ari1y i,iciicaee th~~-c -chic ~-tii1 always be the
case. For e x ,~~~~~~~~ic , a d i f fe r c a~ ~et o~. ~~~~~~~~~~~~~~~~~~~~~~~~~ V .Vh :.Ue~ , ~~~~~~~~~
yield lightly ~ia~.IpI d quadratic terms which would indicate the
existance of resonant frequencies.
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3.4 200KW Transformer

The original plan was for the 200KW system to
be a scaled-up version of the 10KW system. At the
time , it was not known what the effect of nonlinear
characteristics would be on this intended scaling .
In fact one of the program objectives was to determine
the extent and predic t~ bi1ity of these nonlinearities.
As the work progressed , it became ‘evident that  direct
scaling was not possible . This being the case , some
preliminary 200KW designs were run with resulting
system specific weights of less than 0.1 lb/KVA. The
l0K W test results will contribute to the establishment
of coil separation and interleaving requirements of the
200 KW unit. Detailed design of this unit will follow
and final 10KW transformer/rectifier fabrication and
testing.

4.0 Conclusions

The program is proceedinq on schedule. Valuable
information has been obtained from the 10KW fabrication
and testing which has pern itted the el imina tion of
several inaccuracies in the computer programs , and the
addition of certain new features such as pie ’ windinq
design capability . New techniques  for  the f a b r i c a t i o n
of l ightweiqht ‘ pie ‘ winding s have been developed which
show great promise . Several prototype 10KW units have
been completed and subjected to preliminary testing . A
10KW water cooled T/R unit will be completed in August 1976
as scheduled .

Several improvements were made u i  the magnetic core
model which permit the accurate simulation of hysteresis
and I-V curves for most core materials. A procedure was
developed for determining the complete dynamic behavior
of any transformer which can be represented by lumped
parameters and the nonlinear core model. This procedure

H yields both time dependent characteristics and harmonic
V 

content. It requires that all of the transformer
characteristics be specified .

The 200 KW transformer design should proceed withou t
difficulty after the 10KW unit is complete.
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